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Nanoparticles have unique properties that can be beneficial in fields ranging from
quantum information to biological sensing. To take advantage of some of some of
these benefits, techniques are required that can select single particles and place them
at desired locations with nanoscale precision. This capability allows for bottom-up
assembly of nanoparticle systems and facilitates development of improved tools for
probing nanoscale physics. Current manipulation approaches are inadequate for
positioning nanoparticles such as single quantum dots. Quantum dots can act as single
photon sources, and are useful for applications in nanophotonics and quantum optics.
In this thesis, I present a technique for manipulation of single quantum dots and other

nano-objects. Using this technique, I demonstrate nanoparticle manipulation,

assembly, and probing with nanoscale precision.

The nanomanipulation approach I introduce employs electroosmotic flow to position

colloidal nanoparticles suspended in an aqueous system. Single quantum dot



manipulation is demonstrated with a precision better than 50 nm for holding times of
up to one hour. This technique is useful for studying the behavior of single quantum
dots and their interactions with the environment in real time. A fluid chemistry was
developed for the deterministic immobilization of nanoparticles along a two-
dimensional surface with 130 nm precision. In addition, a technique for assembling
systems of silver nanowires is demonstrated. A method for imaging the local density
of optical states of silver nanowires is presented using single quantum dots as probes,
achieving an imaging accuracy of 12 nm. Spontaneous emission control is
accomplished simultaneously by placing the quantum dot at various locations along
the wire. Together, these experiments illustrate the versatility of microfluidics for the

advancement of nanoscience research and engineering.
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List of Figures

Figure 1: Diagram of the field distribution of a surface plasmon polariton. Unbound
surface charges in the metal oscillate coherently and create a propagating
electromagnetic wave along the surface. The field profile, which is indicated on the

left, extends evanescently into the dielectric and the metal.
Figure 2: Plot comparing the spectrum of a single CdSe/ZnS QD with its ensemble.

Figure 3: Diagram of the Debye layer that forms at the interface between the
electrolyte and the channel wall. Ions from the liquid adsorb onto the surface (blue “-
” charges). A shielding Stern layer of cations forms along with a concentration of
diffuse cations in the region above the surface. The predominance of cations in the

diffuse region facilitates electroosmotic actuation.

Figure 4: Experimental setup and control principle for flow control. (a) Schematic of
our microfluidic device structure for 2D control of nanoparticles. An intersection
between two microfluidic channels forms the control chamber of the device.
Electrodes positioned in the fluid reservoirs actuate flow electroosmotically, while
feedback is used to correctly move the nanoparticle to its target location. (b)
[lustration of the optical and electronic setup for tracking and feedback control of
QDs. A CCD camera images the QD and sends the information to a tracking
algorithm that uses subpixel averaging to accurately determine the current position of
the QD. The control algorithm uses this information to determine the proper voltage
to apply to the electrodes in order to move the QD to its desired position. A second
feedback loop moves the imaging objective in the z direction using a piezo stage to
keep the QD in focus. (c) Model of the four flow modes resulting from voltages
applied to each electrode. Any desired correcting velocity, at any particle location,
can be created by combining these four actuation modes. (Black arrows show the
microfluidic velocities, color shows the applied electric potential, and the enlarged

black arrows show a representative velocity decomposition).



Figure 5: Trajectory of a controlled QD. (a-c) Time-stamped CCD camera images of
a single quantum dot being steered along the desired trajectory. The white trace
shows the measured path of the quantum dot up until its current location. The square
magenta box shows the subpixel averaging window used to determine the current
position of the QD. The insets in panel (a) show the orientation of the channel with
the trajectory (green) and a close-up of the subpixel averaging window that contains
the QD near its center. (d) Plot of QD position along its trajectory. The dotted black
line shows the desired trajectory. The measured QD trajectory is shown in blue. The
solid red squares denote times when the QD blinks off. At the end of the trajectory
the QD is held in place for 2 minutes. The mean displacement from the trajectory is

calculated to be 119.5 nm.

Figure 6: QD positioning accuracy. (a) Blue points represent the measured position of
the QD as it is held in place for 5 minutes. The standard deviation along x of the blue
points is calculated to be 49.3 nm. The controller is subsequently turned off and the
QD is allowed to drift away for another five minutes, as shown by the red points. The
drift to the right is caused by a small pressure flow in the device that is continuously
compensated when feedback control is on. Measured positions of an immobilized QD
are shown in green. From the immobilized QD position uncertainty, we measure the
vision accuracy of the setup, which has a standard deviation along x of 18.8 nm.
Subtracting the vision noise from our measured variance demonstrates that we are
positioning with 45.5 nm precision. (b) Histogram of the measured positions along
the x direction for a held QD with a Gaussian fit with standard deviation of 49.3 nm.
The center of the Gaussian is slightly to the right of zero, corresponding to the small
pressure flow towards the right. (c) Calculated positioning precision due to diffusion
(dashed red line), vision noise (dotted green line), and both noise sources combined

(solid blue line) as a function of camera frame rate.

Figure 7: Characterization of positioning accuracy for a long holding time. Plotted is
the measured position of a single QD as it is held at a desired location for one hour.

The blue points represent the measured position when the controller was on,



corresponding to a 52 nm positioning accuracy. The red points represent the position
of the QD when the controller is subsequently turned off for five minutes. Green data
points are the positions of an adhered QD illustrating the spatial uncertainty due to

vision noise.

Figure 8: In-situ measurements of a single QD. (a) Autocorrelation measurement of a
single controlled QD obtained from a 15 minute integration with 1 ns binning and
exponential fits shown. From the exponential fit g2(0) is determined to be 0.37 + 0.02
and the decay time t4 is determined to be 22.7 + 1.1 ns. (b) Fluorescence intermittency

as measured from a single held QD.

Figure 9. Microfluidic device and setup. (a) The microfluidic device is formed
between a glass cover slide and a molded PDMS block. Colloidal CdSe/ZnS QDs are
suspended in the photoresist, which is used to fill the channel. Electrodes placed in
the four fluid reservoirs provide the voltages necessary to move QDs as desired using
EOFC. A UV laser is integrated to expose the photoresist at a central location in the
setup. This location can be moved by translating the sample stage. (b) Experimental
setup showing a cross section of a microfluidic channel. Dichroic beam splitters are
used to integrate the UV source for photoresist exposure and the green source for
illumination. Signals from the QDs are filtered and imaged on a CCD camera. Data
collected from the camera are analyzed through image processing to determine the
location of the QDs. The desired feedback signals are calculated and then sent to the

electrodes, the piezo stage, and the UV shutter to coordinate the positioning.

Figure 10. Optical images showing QD films along surfaces. (a-c) Microfluidic
channel filled with rheology modifier and the immiscible monomer (0.6% RM-825
and 40% SR-9035) shown at different planes within the device. QDs in focus at both
the top (PDMS) and bottom (glass) surfaces can be seen along with a large globule
(red) and thin layers of QDs along the channel walls (blue) in the middle of the
channel. (d-f) Microfluidic channel filled without the monomer (0.6% RM-825) at the



same planes within the device. QDs are dispersed uniformly vertically throughout the

device.

Figure 11. Positioning and immobilization of a single QD. (a-c) A single QD is
chosen (magenta box) and moved towards the target location. The line shows the
distance between the QD and the target. (d) Image showing the local UV exposure
aligned with the target location used to immobilize the QD once it is in place. (e-f)
After the QD is encapsulated (magenta box) it does not move with an applied voltage
to the top electrode, although the QDs in the surrounding solution do move. Several
other QDs are circled in blue in panel (e) and their displacements after one second of

flow are shown in panel (f).

Figure 12. Immobilized array of individual QDs. (a) Image of the 3 x 3 array of
immobilized QDs with 5 pum spacing within the microfluidic channel. (b) Measured
positions of the nine QDs from averaging over many frames. (¢) A zoomed-in view of
the measured positions for the QD in the center-right of the array with the origin
corresponding to its mean position. (d) Image of the 3 x 3 array after channel removal
and cleaning, demonstrating that several of the QDs are still emissive. All of the
exposed regions have remained adhered to the glass surface (seen as oval shaped

bright patches) and the four visible immobilized QDs are shown circled in red.

Figure 13. Immobilization of individual QDs to target QDs adhered to the substrate.
(a) Spectra of the two different types of QDs and the bandpass transmission spectra of
the two filters used to distinguish between them. (b) Relative positions of the nine
positioned and immobilized QDs that emit at 655 nm (blue dots) versus their 705 nm
targets (all marked by a single red dot at the origin). The average distance between an
immobilized QD and its target QD was measured to be 155 nm. The two circles
denote the sample QD pair whose pixilated images are overlaid in panel (c), here the
red and blue asterisk mark the location of the diffraction pattern centroids inferred by

the sub-pixel averaging algorithm.



Figure 14. Array of preselected QDs. (a) Idealized array design with the two different
types of QDs alternating in a checkerboard pattern. (b) Completed array as visualized
through a bandpass filter centered at 710 nm. The four QDs emitting at ~705 nm are
circled in red while the 655 nm emitting QDs are not visible. (¢) The same completed
array as visualized through the 655 nm band pass filter. The QDs emitting at 655 nm

are circled in blue.

Figure 15. Measured position of a QD as the piezo stage was moved in 24 nm
increments (a) Measured data showing the subpixel accuracy of our centroiding
algorithm. The black data are the measured pixel position of the QD, while the red
line is the average position for each step. Discrete steps are seen clearly in the
measured data. (b) Measured average position (from panel a) showing the mean and
standard deviation compared to the actual position imparted by the piezo stage when
converted into actual length units. The blue line denotes when the measured position
equals the actual position. In general the measurement has high accuracy and can

easily distinguish changes in piezo displacement.

Figure 16. Array of immobilized dots and their measured g*(t)s. (a) Image of the 2 x
2 array of QDs spaced 5 um apart. (b) The corresponding gz(r) measurements for
each of the four respective QDs. Autocorrelations are taken over a 1 minute
integration time while the QDs are still in the channel. The measured gZ(O)s are 0.29,
0.26, 0.26, and 0.35 and all show signs of the photon antibunching that is

characteristic to quantum emitters.

Figure 17. Proximity of QDs to the surface. (a) Graph of the diffraction spot size of
an encapsulated QD at varied focal distances from the surface. At each position the
diffraction spot size was measured many times (blue data points) and a median size
(black points) was calculated. A fit was used to find the location of the minimum spot
size (black line), establishing the vertical position of the QD. (b) Measured in-focus
vertical positions of three encapsulated QDs (red) and three QDs adhered to the



surface (black) with corresponding error bars. The blue circle denotes the data point

corresponding to measurements shown in panel a.

Figure 18: Illustration of nanowire positioning through two obstacles. {ii-v} Time-

stamped images. In all figures arrows denote direction of fluid flow.

Figure 19: (a) Scatter plot of the measured centroid location of a nanowire held in
place by flow control. (b-c) Histograms of the measured positions in the direction

perpendicular and parallel to the wire axis.

Figure 20: (a){i} [llustration of nanowire rotation using a nanoparticle pivot. {ii-v}
Time-stamped images. (b){i} Illustration of nanorod rotation using a nanoparticle
pivot. {ii-v} Time-stamped images. (c){i} Illustration of nanowire rotation using a
polymerized obstacle, created by UV-exposure (purple). {ii-v} Time-stamped images.
Green crosshairs denote the aligned location of the UV laser. In all figures, arrows
denote direction of object translation and rotation and green circles indicate location

of pivot obstacle

Figure 21: (a) Orienting a nanowire by immobilizing one end. {i-i1} The wire is
positioned by flow control, where a local UV immobilizes one end of the wire. {iii-
iv} The wire is then rotated about this pivot point and held at vertical orientation. {v}
The stage is translated so the UV is aligned to the second end. {vi} A second UV
exposure immobilizes the second end. {vii-viii} Another wire is positioned with flow
control (in blue) to show that the first wire is immobilized. (b) Composite image from

several frames of a wire rotating 360° about its immobilized end.

Figure 22: (a) Histograms comparing the measured centroid location of a nanowire
that is immobile on a surface (red) with one that is held to an angle by flow control
(blue) (b) Histogram of the measured difference in angle from the desired orientation

for 15 wires that were fully immobilized.



Figure 23: (a){i} Illustration of QD separation (blue from red) using an AgNW
barrier. {ii-v} Time-stamped images. (b){i} Illustration of quantum dot coalescence
(blue to red) using an AgNW barrier. {ii-v} Time-stamped images. In all panels
arrows denote direction of particle motion and green delineates the location of the

obstacle barrier.

Figure 24: (a){i} [llustration of nanorod alignment to an nanowire guide. {ii-v} Time-
stamped images. (b){i} Illustration of nanowire rotation using the foothold of an
nanowire barrier. {ii-v} Time-stamped images. In all panels arrows denote direction
of fluid flow and object rotation and green delineates the location of the obstacle

barrier.

Figure 25: Images of nanowire structures assembled using our toolbox of techniques.

Figure 26: QD polarization in a microfluidic channel. The emission anisotropy of
three pairs of QDs (a-c) as a function of polarization (which was rotated in time).
Each pair consisted of a free-floating (red) and an immobilized (blue) QD. The
emission polarizations for each pair were characterized simultaneously using a setup
in which the emission was sent through a half-wave plate and then split into vertical
(V) and horizontal (H) polarization by a calcite beam displacer. Plotted here is the
measured emission anisotropy, (Iv-Ig)/ (Iv+Iy), for each QD as the emission
polarization is rotated with the half-wave plate. The immobilized QDs demonstrate a
clear polarization dependence, however the free-floating QDs appear largely
unpolarized. We attribute this lack of polarization for the suspended QDs to rotational
Brownian motion, which causes polarization effects to be averaged out if the data
acquisition time exceeds the orientational diffusion rate. As a result, free-floating

probe QDs behave as effectively isotropic emitters.

Figure 27: Near-field probing with a single QD. (a) Optical image of the microfluidic
crossed-channel device. Flow in the center control region (dashed circle) is

manipulated in two dimensions by 4 external electrodes (not shown). Scale bar is 500



um. (b). Schematic of the positioning and imaging technique. A single QD is driven
along a trajectory close to the wire by flow control. The coupling between the QD and
AgNW is measured either by the radiated intensity from the wire ends or by QD
lifetime measurements. The inset shows an SEM image of a typical AgNW used in
our experiments with 1 um scale bar. The x-y coordinate system is defined relative to

the orientation of the AgNW, as illustrated in the inset.

Figure 28: QD tracking and positioning accuracy. (a) Scatter plots of the measured
positions of a QD over the course of one minute. Red data points correspond to a QD
that is immobilized while blue data points correspond to a QD that is held in place by
flow control. (b-c) Histograms of the x and y coordinate corresponding to data from
panel a. Red bars are the histogram for an immobilized QD, while blue bars are the
histogram for a positioned QD. The yellow solid line is a Gaussian fit for an
immobilized QD showing a measure standard deviation of 12+ 1 (11 = 1) nm along
the x (y) coordinate. The black solid line is a Gaussian fit for the positioned QD with

standard deviation of 36 + 2 (40 £ 2) nm for the x (y) coordinate.

Figure 29: Coupling a QD to an AgNW. (a-c) This series of images shows coupling
of the QD to the AgNW as the QD is moved closer to the wire. The scale bar is 500
nm and intensities are plotted on a logarithmic scale. The red and blue boxes show the
image integration region used to calculate the radiation intensities and positions of the
QD and the wire ends, respectively. The measured location of the QD is labeled with

a red star and the axis of the AgNW is labeled with a blue dashed line.

Figure 30: Scanning Trajectories. (a) Mid-wire scanning trajectory (corresponding to
Figure 31). (b) A trajectory scanning the wire tip (corresponding to Figure 34). (c) A
trajectory scanning the wire along the side (corresponding to Figure 36). Blue points
connected with lines correspond to the trajectory points, connected in order of
scanning. During the experiment, flow is applied to position the QD to the desired
trajectory point for two seconds before moving on to the next point. Red boxes define

the scanning regions. Black lines designate the physical extent of the wire. Some



points along the trajectory lie inside the wire or on the opposite side of the wire,
however, since the wire acts as an obstacle the QD cannot generally reach these
points and instead is forced against the wire to ensure data is collected as close as
possible to the surface. Additionally, the trajectory points are more densely spaced

closer to the wire in order to ensure probing of the near-field region.

Figure 31: Probing the LDOS profile near the middle of the AgNW. (a) I as a

function of position near the middle of the wire. The dashed region indicates the

assumed location of the AgNW surface. (b) I as a function of distance from the wire
axis (x coordinate) using data from panel a. The blue line indicates the best fit to a
modified Bessel function. The red dotted line is an FDTD simulation of the AgNW
evanescent field. The simulation result was fit to the data using an overall scaling
factor. (c) Radiative decay of the QD at 200 nm (red squares) and 30 nm (blue
circles) distance from the AgNW axis with lifetime fits of 17 and 8 ns respectively.
(d) QD lifetime as a function of x position. The second y-axis denotes the Purcell
factor corresponding to the measured lifetimes. Colored markers indicate the data

points used for panel c.

Figure 32: SPP decay along AgNW length. Ratio of emission intensity measured
from both AgNW ends as a function of position along the wire. The black line is an

exponential fit.

Figure 33: Spatial accuracy of measured QD positions. (a) Figure 31b with Bessel-

function fit. Red lines indicate spatial distance between the measured QD position

and position predicted by Bessel-function fit based on the measured intensity. [, 1S
labeled with a blue line. (b) Plot of o4 for a range of I, , values. The minimum

standard deviation of 12 nm occurs at I, , = 0.02 and is represented by the

horizontal blue line.



Figure 34: Probing the tip of an AgNW. (a) Scatter plot of measured positions and

intensities near the end of the AgNW. The color of each data point corresponds to I.
The dashed region indicates the location of the AgNW. (b) Reconstructed image
using a Gaussian-weighted average. The image intensity is normalized by its
maximum. (¢) FDTD simulation of the AgNW mode profile showing an enhancement
at the tip (also normalized by its maximum). (d) Image of the measured QD lifetime
as a function of position. The color scale is labeled with both lifetime and Purcell

factor.

Figure 35: Spatial accuracy of measured AgNW end positions. (a) Scatter plot of the
measured positions of an AgNW end over the course of 1 minute. (b-c) Histograms of
the x and y positions with Gaussian fits measuring 24 + 2 and 30 + 3 nm standard
deviations respectively. A single QD is placed on an AgNW and the position of the
wire end is determined by measuring the center of the diffraction spot of the radiated
light and fitting it with a Gaussian point spread function. This light radiated from the
wire end is much dimmer than the direct emission from the QD. Thus, the accuracy
with which we can track the AgNW is worse than the accuracy with which we can

track the QD.

Figure 36: SPP wave interference along an AgNW. (a) Scatter plot of the measured
QD positions near the end of the wire. The color of each data point corresponds to the
value of I measured at each location. The dashed region indicates the location of the
AgNW. (b) Reconstructed image using a Gaussian-weighted average. The image
intensity is normalized by its maximum. (c) Plot of an averaged value of  as a
function of position along the wire. (d) FDTD simulation of the field intensity
standing-wave pattern along the side of the AgNW (normalized by its maximum)
with the profile within the dashed wire region corresponding to the field immediately
outside the wire. (e) Image of the measured QD lifetime as a function of position. The
color scale is labeled with both lifetime and Purcell factor. (f) Plot of QD lifetime

measured along the length of the AgNW.
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Figure 37: Single QD Spectrum. Emission spectrum (red) of a single QD that was
immobilized on a glass coverslip as measured using a grating spectrometer (Acton SP

2758). The black curve is a Lorentzian fit that indicates a spectral linewidth of 17 nm.
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Chapter 1: Introduction
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1.1 Overview

Continued advances in computational technology rely on reducing power
consumption and increasing speed. One possible route to this goal is the use of
photons in place of electrons. Photonics can provide larger bandwidth than electronics
[1] with low power consumption [2]. Light is also a natural distributer of quantum
information that has been suggested as a means of secure communication [3] and

faster information processing [4].

Optical computation requires devices that employ interactions between light and
matter to perform optical switching. Light-matter interactions are stronger at the
nanoscale than in bulk materials due to the quantum mechanical [5] and plasmonic
[6] resonances that can occur in nanoscale structures. For this reason, researchers are
increasingly focusing on developing nanophotonic systems that exploit nanoscale

physics to implement optical logic [2,7,8].

Central to the challenges of nanoscience research is the ability to manipulate and
position individual nanoparticles with nanoscale precision. In this chapter I discuss
the characteristics of two specific types of nanoparticles, plasmonic nanowires and
quantum dots, and outline an approach to position these particles using microfluidic
flow control. Chapter 2 provides a detailed study of microfluidic manipulation as it
pertains to positioning single quantum dots. Chapter 3 introduces a novel fluid
chemistry that enables assembly of single quantum dots on a two-dimensional
surface. In chapter 4, I present a toolbox of techniques for manipulating various

nanoparticles along a planar surface and demonstrate assembly with single metallic
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nanowires. In chapter 5, I demonstrate deterministic probing of plasmonic wires using
positioned single quantum dots to image the local density of optical states of the wire.
Chapter 6 concludes by discussing some of the future prospects of manipulating

nanoparticles with microfluidics.

1.2 Plasmonics

Overview

Plasmonic elements confine electromagnetic energy to the interface between a metal
and a dielectric. This excitation is called a surface plasmon polariton (SPP). SPP
waves are coherent oscillations of unbound electrons in the metal. In SPP waves,
power propagates along the metal surface and electric fields decay exponentially from
the interface, as depicted in Figure 1. The large overlap of the electric field with the
metal means that SPP waves are lossy. Typical SPP propagation lengths are on the

order of several microns [9].

Plasmonics offer a solution to optical diffraction, which is a limiting factor in the
development of optical computation. Optical computation requires all-optical
switches, which take advantage of the nonlinearities in materials [10]. The challenge
of employing optical nonlinearities for switching is that they are weak compared to
electronic nonlinearities. To attain the same affect, optical nonlinearities require
either longer distances or stronger fields [11]. Plasmonic structures confine light to
volumes that are small compared to the diffraction limit, greatly increasing field
strength and enhancing optical nonlinearities [12]. Plasmonic structures also can be

scaled down to compete with electronics for high on-chip density.
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Dielectric

Electric field profile

Metal

Figure 1: Diagram of the field distribution of a surface plasmon polariton. Unbound surface
charges in the metal oscillate coherently and create a propagating electromagnetic wave along
the surface. The field profile, which is indicated on the left, extends evanescently into the

dielectric and the metal.

Plasmonic nanowires

SPP waves are generally difficult to excite from free space due to the momentum
mismatch between SPPs and far-field modes. As a result, exciting SPP waves in
metal sheets requires either evanescent-field couplers, periodic gratings, or near-field
scatters [9]. Metallic wires support SPP waves, which can be readily excited from the
far-field by focusing light on their ends. The wire ends act as far-field to near-field
converters and scatter light into the SPP mode [13]. The wire confines SPP
propagation with sub-wavelength lateral dimensions. These guided waves can also
radiate to the far field from the wire ends, which act as antennas (a reverse process of
coupling to the wire). Wire end read-out offers a way to peer into near-field

interactions and to study plasmonic propagation and interference effects [14].
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Interactions with quantum emitters

Plasmonic wires confine light to nanoscale volumes. A single emitter placed within
the mode volume of a plasmonic wire experiences an increase in its rate of
spontaneous emission [15]. This increase is useful for creating fast, single-photon
sources for quantum applications [16] and optical transistors that could work at the
single photon-level [17]. Increased spontaneous emission also suppresses an
undesirable non-radiative processes, such as Auger recombination and transitions to
trapped states [18]. As a result of these properties, plasmonic objects can greatly

improve the emission properties of single emitters.

1.3 Quantum dots

Overview

Quantum dots (QDs) are bright, single-photon emitters. They are semiconductor
nanocrystals, whose valence and conduction bands become discrete due to three-
dimensional electronic confinement. The discrete energy levels are atom-like and
transitions among these levels emit single photons at specific wavelengths [19]. The

size, shape, and material composition of QDs affects their emission wavelength [5].

QDs are useful for photonics engineering and biological imaging. They have been
integrated with photonic devices to create solar cells [20], LEDs [21], lasers [22],
optical switches [2], and single-photon sources [23]. QDs can also be functionalized
and used as fluorescent markers in biological tagging [24], imaging [25], and

detection [26].
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Epitaxial and colloidal QDs

There are two types of QDs— epitaxially grown QDs, which are self-assembled in a
solid host medium [27], and colloidal QDs, which are synthesized in solution [5].
Molecular-beam epitaxy is used to create self-assembled QDs. Such QDs form as
islands of low bandgap material inside a larger bandgap host. The host is a solid
matrix in which the QDs are physically bound. Colloidal QDs are synthesized in a
liquid environment. These dots are not restricted to any specific material system and

can be dispersed in various liquids and polymers for deposition on substrates [28].

Both types of QDs suffer from size and shape inhomogeneity, resulting in
inhomogeneous emission spectra [29,30]. For applications involving single QDs, we
desire a technique to place QDs with specific properties at specific locations.
Compared to epitaxial QDs, which are bound in place, colloidal QDs can be

preselected in their liquid environment and placed deterministically.

CdSe QDs

In this thesis, I demonstrate positioning and measurements using cadmium selenide
(CdSe) QDs. CdSe is one of the most developed colloidal QD materials [25]. The
core of the QD consists of a CdSe nanocrystal, which may be encapsulated within a
variety semiconductor shells to improve quantum yield [29]. Ligands attached to
these QDs can stabilize the particles in various liquids including water and organic
solvents [26]. Figure 2 compares the emission spectrum of a single CdSe-ZnS core-

shell QD with that of an ensemble of QDs (OceanNano Tech® vendor), which are
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Figure 2: Plot comparing the spectrum of a single CdSe/ZnS QD with its ensemble.

found to have linewidths of 17 nm and 27 nm respectively. The difference in

linewidth indicates the spectral inhomogeneity of commercially available QDs.

CdSe QDs are versatile light sources that can be integrated in nanophotonic systems
[15,31]. One can also employ these QDs to study nanoscale physics. Their
nanoscopic size makes them ideal for probing optical features at high-resolution [32].
QDs can be used to communicate near-field interactions to the far field for studying
nanoscale phenomena [33]. The ability to position single QDs deterministically can

enable control of nanoscale interactions for improved nano-engineering.

1.4  Microfluidic particle positioning

Overview

Deterministic placement of individual nanoparticles is an ongoing challenge in

nanoscience. The ability to choose a single nanoparticle with desirable characteristics
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and to position it in a determined location is essential for the emerging field of nano-
engineering. Such a technique could enable the assembly of multiple nanoparticles to
build nanoscale systems or to probe interactions at the nanoscale. In this thesis, I
present a technique to position single nanoparticles for both assembly and probing. In
particular, I focus on the manipulation of single colloidal quantum dots with
nanoscale precision, which has remained a difficult goal for nanoscience research

[34-36].

One of the most developed techniques for positioning microscopic particles is optical
tweezers [37]. In optical tweezers, the gradient force of a focused laser creates a
three-dimensional potential that traps a particle. Translating the laser focus will drag
along particles trapped within this potential. However, the trapping force of tweezers
is proportional to the polarizability of the object. An object’s polarizability depends
on its material composition and size [37]. As a result, not all objects can be positioned
with optical tweezers. The force produced to trap an object scales with the object’s
volume. For small enough particles these forces cannot overcome random diffusion,
and the objects cease to be trapped. Particles can also be manipulated using magnetic
tweezers [38] or dielectrophoretic actuation [39], but these methods suffer from

similar problems as optical tweezers.

In other techniques, tapered-probe tips allow for direct mechanical positioning of
particles along a surface [40]. These approaches are generally independent of particle
size, but can be highly dependant on the properties of the surface and interactions
with the particle [41]. This type of mechanical positioning also requires mechanically

stabilized probes, which can cause damage the object being manipulated [42].
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Figure 3: Diagram of the Debye layer that forms at the interface between the electrolyte and
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the channel wall. Ions from the liquid adsorb onto the surface (blue charges). A shielding

Stern layer of cations forms along with a concentration of diffuse cations in the region above
the surface. The predominance of cations in the diffuse region facilitates electroosmotic

actuation.

Electroosmotic flow control

Electroosmotic flow control allows for positioning of single nanoparticles. With this
technique, suspended particles are moved by actuating flow of the surrounding liquid.
Compared to other approaches, electroosmotic flow control exhibits several key
advantages. First, object positioning arises from fluid actuation, which is independent
of the composition of the particle. Second, particle diffusion in the liquid is the main
limitation to control. Diffusion scales with object length (instead of volume), which
makes flow control better suited to position nanoscale objects than techniques like
optical tweezers. Finally, fluidic forces can position delicate objects without
damaging them from local heating [43] or mechanical friction [42]. As a result,

electroosmotic flow control is well suited for positioning a variety of nanoparticles.

In electroosmosis, an electric field actuates flow of an electrolyte solution through a

capillary channel [44]. Fluid actuation results from ion motion in the Debye layer that
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forms at the surface of the channel. Figure 3 illustrates the structure of the Debye
layer and its behavior under an applied field. Ions from the liquid adsorb to the
surface of the channel (shown here with flattened negative charges). A subsequent
screening layer (the Stern layer) forms immediately above the surface and remains
fixed there. The diffuse ions above the Stern layer move with the applied field. These
ions have predominantly the same charge and exhibit net motion, which causes the

bulk of fluid in the channel to flow, including any suspended particles.

Incorporating feedback control with electroosmotic actuation enables dynamic
positioning of suspended particles. This positioning is achieved using a microfluidic
cross-channel to actuate electroosmosis in two dimensions [45]. Vision-based
tracking measures a particle’s position in real time as it moves with the flow. The
position is input into controller software to determine how to actuate electroosmotic
flow and move the suspended particle along a desired path. Feedback control of fluid
actuation is used to incrementally adjust any deviation in motion from the particle’s

desired path in order to achieve accurate positioning.
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Chapter 2: Manipulating quantum dots with nanometer precision by
flow control
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2.1 Introduction

Manipulation and control of nanoscopic objects such as QDs is a fundamental
requirement for a broad range of applications in the fields of photonics,
nanoelectronics, and biology. In particular, there is currently great interest in precise
placement of pre-selected particles with desired properties, such as emission spectrum
or brightness, on patterned or functionalized surfaces to engineer nanophotonic and
nanoelectronic systems. Some important examples include the precise placement of
single QDs in the high field region of nanophotonic [46—48] or plasmonic [15,49]
structures for scalable engineering of quantum information processors [50] and
nanoscale electronic circuits [51]. Manipulation of QDs serving as biological tags
could also enable in situ characterization of biological molecules and the controlled

investigation of biological processes [25].

To date, the most notable successes of nanoparticle manipulation have involved
optical tweezers [36,52] and optofluidic devices [53,54]. These methods make
moveable, active traps, either by laser-created optical gradient forces or by dynamic
virtual electrodes that exert dielectrophoretic forces on polarizable particles.
However, optical and dielectric forces scale with volume, making the trapping of
nanoscopic objects such as QDs challenging [37]. Furthermore, these trapping forces
are non-specific, in that all particles are pulled in, resulting in a significant probability
for capturing multiple objects. In quantum optics applications, the capture of multiple
particles can ruin the single-photon nature of the emission. For biological

applications, the use of high-power lasers for optical trapping can easily damage
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biological objects [43]. Thus, the development of particle manipulation methods that
scale more favorably with particle size and do not require high power lasers is

needed.

In this chapter I demonstrate a method for manipulation and positioning of
nanoscopic objects with nanometric precision in two dimensions without using traps.
Instead, manipulation is achieved by moving the surrounding fluid via
electroosmosis, in which an applied electric field moves a layer of surface ions that
pulls the fluid, along with any suspended objects, by viscous drag [44]. The position
of a chosen object is measured in real time with a microscope and a sub-pixel
imaging algorithm that provides sub-wavelength precision [55]. Flow is then created
to move that object continuously from its current location towards its desired position
in discrete time steps. This continual sensing and correction of errors (feedback
control) enables nanometric precision for positioning. Only the chosen object is
always corrected back towards its target location. All other nearby objects are not
controlled, and drift away by a combination of random Brownian motion and
diverging non-correcting fluid flows at their locations in the device. This flow control
approach is particularly promising for the manipulation of extremely small dielectric
particles, such as QDs, for which trap-based approaches are limited [37] due to the
small particle volumes. To demonstrate this advantage, the work in this chapter
focuses on the manipulation of single QDs which have an ellipsoidal core/shell

structure and a radius of 6 nm (3 nm) on the major (minor) axis.
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2.2 Electroosmotic flow control

Flow control has previously been used to manipulate particles with micrometer
precision [34,45,56—60]. Improved methods based on rotating laser sensing [61-64]
enabled random capture of nanoscopic objects for short times with nanometric
precision [65—67]. The ability to position and hold pre-selected nanoscopic objects
with nanometric precision has proven significantly more challenging due to their
small size, which increases Brownian motion and makes it hard to visualize their
location accurately. QDs are particularly difficult to manipulate due to their inherent
blinking, which renders them invisible for prolonged periods of time [68]. During
these “dark” periods, a QD can drift a significant distance away from its last observed
location. For this reason, previous capturing methods were limited to 90-second
trapping times [34]. The approach demonstrated here enables any QD in the field of
view to be moved from its current position to any desired location over a well defined
path with nanometric precision for times exceeding one hour. In addition, since we
have the ability to manipulate the QD over a large control area, our technique is
insensitive to QD blinking. When a QD blinks off, we can wait for it to blink back on
and immediately reposition it back to the correct location even if it has drifted a

significant distance away due to Brownian motion.

Figure 4a illustrates the device and operating principle used to manipulate single QDs
using flow control. The device is composed of two microfluidic channels that
intersect at a 90° angle. This design is patterned into polydimethylsiloxane (PDMS).

The PDMS is adhered to a glass cover slip to form the microfluidic channels. The
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Figure 4: Experimental setup and control principle for flow control. (a) Schematic of our
microfluidic device structure for 2D control of nanoparticles. An intersection between two
microfluidic channels forms the control chamber of the device. Electrodes positioned in the
fluid reservoirs actuate flow electroosmotically, while feedback is used to correctly move the
nanoparticle to its target location. (b) Illustration of the optical and electronic setup for
tracking and feedback control of QDs. A CCD camera images the QD and sends the
information to a tracking algorithm that uses subpixel averaging to accurately determine the
current position of the QD. The control algorithm uses this information to determine the
proper voltage to apply to the electrodes in order to move the QD to its desired position. A
second feedback loop moves the imaging objective in the z direction using a piezo stage to
keep the QD in focus. (c) Model of the four flow modes resulting from voltages applied to
each electrode. Any desired correcting velocity, at any particle location, can be created by
combining these four actuation modes. (Black arrows show the microfluidic velocities, color
shows the applied electric potential, and the enlarged black arrows show a representative

velocity decomposition).
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control region is located at the intersection of the two channels and is approximately 5
pum in height and 100 um in diameter, although it can easily be made larger. The four
cardinal directions are labeled in panel a, which are used to describe particle motion.
Electroosmotic flow actuation is created by electrodes placed in four fluid reservoirs
at the ends of the channels. The channels are subsequently filled with an aqueous
fluid containing CdSe/ZnS QDs (Qdot® 655 nm ITK™ amino), along with a mixture
of mass fraction 1.25 % of an associating polymer (RM-825, Rohm and Haas Co.)
[69] and 0.55 % of a zwitterionic betaine surfactant [70]. The associating polymer is
used to increase the viscosity of the fluid to 0.23 Pa-s by hydrophobic clustering [69]
to decrease QD Brownian motion, while the surfactant is used to enhance fluid
actuation. The colloidal QDs are illuminated with 532 nm light at an intensity of 250

2 . . . .
W/cm” and imaged using an inverted microscope.

The tracking system with the feedback control loop is depicted in Figure 4b. Images
are acquired from a CCD camera at a 20 Hz frame rate and then processed in real
time using a centroid algorithm for precise determination of the position of the QD.
The control algorithm then calculates the voltages needed to move that QD in the
required direction by decomposing the desired displacement vector into components
of fluid motion in the four cardinal directions (North, South, East, and West) that can
be actuated by each electrode, as illustrated in Figure 4c. The magnitude of the
actuation is set by a control gain. In our device, the size of the electroosmotic
actuation can depend somewhat on the height of the QD due to a different zeta
potential at the top PDMS versus the bottom glass substrate. Electrophoretic forces

can also contribute to the actuation, but for QDs they are much weaker than the
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actuation due to electroosmotic flow. The control gain is set to an intermediate value
that achieves good manipulation over the entire height of the device. Once computed,
the necessary voltages are applied to each of the four electrodes to move the QD as
desired. Platinum electrodes are used to minimize unwanted electrochemistry effects
in the fluid [44]. Although the target QD is controlled in the plane, the QD can still
drift slowly in the third dimension, causing it to go out of focus and thus degrading
the performance of the vision-based control. To correct for this effect, the imaging
objective is mounted on a piezo stage and a second Newton-bracketing feedback
control algorithm uses the width of the QD image as its metric to track the QD in the
z direction, thus keeping it in focus. This approach improves control precision in the

Xy plane.

23 Characterization of positioning accuracy

The ability to manipulate QDs precisely in two dimensions is shown in Figure 5. A
single QD is selected from the 100 pum X 100 pm control region that contains
approximately 10 QDs. A small area around the QD, denoted by the box, defines the
16 pixel x 16 pixel tracking window used to calculate the QD position via the
centroid algorithm. Panels (a-c) show the position of a single QD at several different
times as it is controlled along a well-defined path. The inset to Figure 5a shows the
orientation of the trajectory with respect to the cross channel and a close up of the
tracking window. The desired position was moved along the fixed trajectory at a
speed of 2 pum/s while the control algorithm continuously adjusted the applied

voltages to move the QD towards this moving target. To determine whether the QD
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had blinked off, a threshold camera intensity was selected. When the camera signal
fell below this threshold, all voltages were switched to zero and the controller halted
to wait for the QD to begin re-emitting. While waiting for the QD to resume photon
emission, the tracking region was temporarily expanded to three times its size to
ensure that Brownian motion would not carry the QD out of the detection window

before it began re-emitting. The full trace of the QD position is shown in Figure 5d

and is overlaid on the desired trajectory. The times when the QD blinks ‘off’ are

20+

y (um)

0 10 20 x(pm)ab 40 50
Figure 5: Trajectory of a controlled QD. (a-c) Time-stamped CCD camera images of a single
quantum dot being steered along the desired trajectory. The white trace shows the measured
path of the quantum dot up until its current location. The square magenta box shows the
subpixel averaging window used to determine the current position of the QD. The insets in
panel (a) show the orientation of the channel with the trajectory (green) and a close-up of the
subpixel averaging window that contains the QD near its center. (d) Plot of QD position
along its trajectory. The dotted black line shows the desired trajectory. The measured QD
trajectory is shown in blue. The solid red squares denote times when the QD blinks off. At the

end of the trajectory the QD is held in place for 2 minutes. The mean displacement from the

trajectory is calculated to be 119.5 nm.
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shown in red. From analysis of the position data, the average displacement of the QD

from the path was found to be 119.5 nm.

To determine the positioning precision of the control method, a single QD was
selected and moved to a specified location near the center of the control region. The
QD was held in that position by feedback control and monitored for 5 min, after
which the control was turned off and the QD was allowed to diffuse for another 5
min. Figure 6a shows the measured positions of the trapped (blue spots) and freely-
diffusing (red spots) QD. The accuracy of the centroid algorithm in detecting the
particle location was determined independently by taking position measurements on a
QD that was immobilized on a glass slide for 5 min. The measured positions of the
immobilized QD are plotted in Figure 6a as green spots. From the variance of the
green spots, the vision noise was determined to be 18.8 £ 0.9 nm [18.7 £ 1.7 nm] in
the x [y] direction. Figure 6b is a histogram of the x positions of the held QD. From a
Gaussian fit the standard deviation was found to be 49.3 + 0.7 nm. A similar
calculation gives a standard deviation of 47.0 + 0.7 nm in the y positions. The
measured fluctuation in QD position is due to a combination of the random motion of
the particle and vision noise of the imaging system. Subtracting the vision noise from
the accuracy of the holding proceedure, the positioning precision of the particle is

determined to be 45.5 £ 0.9 nm [43.1 £ 1.0 nm] in the x [y] direction.
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2.4  Theoretical limit for positioning accuracy

High positioning precision is enabled by feedback, the continual sensing and

correction of the QD’s deviation from its desired location. This process is successful
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Figure 6: QD positioning accuracy. (a) Blue points represent the measured position of the QD
as it is held in place for 5 minutes. The standard deviation along x of the blue points is
calculated to be 49.3 nm. The controller is subsequently turned off and the QD is allowed to
drift away for another five minutes, as shown by the red points. The drift to the right is
caused by a small pressure flow in the device that is continuously compensated when
feedback control is on. Measured positions of an immobilized QD are shown in green. From
the immobilized QD position uncertainty, we measure the vision accuracy of the setup, which
has a standard deviation along x of 18.8 nm. Subtracting the vision noise from our measured
variance demonstrates that we are positioning with 45.5 nm precision. (b) Histogram of the
measured positions along the x direction for a held QD with a Gaussian fit with standard
deviation of 49.3 nm. The center of the Gaussian is slightly to the right of zero, corresponding
to the small pressure flow towards the right. (c) Calculated positioning precision due to
diffusion (dashed red line), vision noise (dotted green line), and both noise sources combined

(solid blue line) as a function of camera frame rate.
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even if the flow fields in the device are not known perfectly. So long as the actuation
is sufficient to move the QD towards where it should be, the control acts to decrease
the position error significantly, quickly driving the QD to its desired location. The
resulting positioning accuracy of the control is fundamentally limited by the

Brownian motion of the particle between control updates and the accuracy of the

2

vision sensing [64], and is thus given by o, =0y, +0,,, . In this expression,

O'Ziﬁ- =2D/F is the noise due to diffusion, where D is the diffusion coefficient and F

is the camera frame rate. For a spherical particle of radius a in the limit of low
Reynolds’ number, the diffusion coefficient is given by the Einstein-Stokes relation

D=kgT/(6 7na), where kg is Boltzmann’s constant, 7 is the fluid temperature, and 7 is

the fluid viscosity. The second noise term, o’ is the camera vision noise, which is

vision °

primarily due to photon shot noise and camera read noise (background noise was

determined to be negligibly small compared to these noise sources) and is given by

pix"r

O-vision - 8R R2

PF  d:n’GPF?
2 = + . 2.1
The first term in the above expression accounts for shot noise, while the second term
accounts for read noise (which is assumed to be equal for each pixel). The parameter
A is the emission wavelength of the QD, R is the total photon detection rate integrated
over the entire camera image, n, is the camera read noise, d;, is the distance on the

sample represented by the separation between adjacent pixels, and

c.=N 2(N/2+1)(N +1)/6 where N is the size of the subpixel averaging window.

We note that out of all the noise sources, only O'i.ﬁ depends on the size of the
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particle. This dependence occurs through the diffusion coefficient, which is inversely
proportional to the particle radius. Thus, the positioning precision scales inversely
with particle radius, in contrast to optical traps, in which it scales inversely with

radius cubed [52].

The camera read noise was found to be 6.3 electrons, d,;, was found to be 160 nm,
and the peak photon detection rate was determined from the CCD image intensity to
be R=175 000 s™. It should be noted that the photon detection rate varied significantly
throughout this experiment due to blinking and intensity noise of the QD emitter. The
diffusion coefficient was found to be (5.5 + 0.4)x10™"° m?/s by tracking free floating
QDs in the microfluidic chamber and performing a maximum likelihood estimate on
the data. This measured diffusion coefficient differs significantly from the number
that would be calculated by the Stokes-Einstein relation using the particle radius and
measured viscosity. This discrepancy is well known and is attributed to the fact that
the particle interacts with the nearby liquid to create an effective hydrodynamic
diameter that can be much larger than the actual diameter of the particle [71]. We thus

use the measured diffusion coefficient in our calculations.

and o, , as

Setting the QD emission wavelength to A = 655 nm, we plot 0, , 0,
a function of the camera frame rate in Figure 6¢. From the plot one can see that there
is a tradeoff between vision noise and Brownian motion. As the frame rate is
increased noise, due to Brownian motion is reduced because the particle has less time

to diffuse between successive camera frames. However, vision noise increases

because fewer photons are collected from the QD. At 20 Hz, the position precision is
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25 nm. The optimal position precision of 24 nm is achieved at a frame rate of 28 Hz,
which is close to our actual frame rate. The experimental results do not achieve the
theoretical positioning limit due to additional noise sources such as mechanical
vibration and instability, imperfections in the control algorithms, and frame averaging
effects caused by the fact that the QD is moving during the acquisition of a single

camera image.

2.5  Characterization of trapping time

To determine the trapping time, we positioned and trapped a second QD for 1 hour
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Figure 7: Characterization of positioning accuracy for a long holding time. Plotted is the
measured position of a single QD as it is held at a desired location for one hour. The blue
points represent the measured position when the controller was on, corresponding to a 52 nm
positioning accuracy. The red points represent the position of the QD when the controller is
subsequently turned off for five minutes. Green data points are the positions of an adhered

QD illustrating the spatial uncertainty due to vision noise.
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(Figure 7). From the position data it was found that this QD was held with 51.5 + 0.8
nm precision. The slight increase in position error was due to the fact that by the end
of the 1 h, the QD was emitting much less efficiently and was blinking significantly
more (presumably due to oxygen contamination and photobleaching). The increase in
blinking served to reduce the position precision because the QD was able to drift for a
longer distance before re-emitting. This degradation is due to oxygen contamination
and be can be reduced by incorporating oxygen scavenging chemicals in the solution
[72]. At no time during the 1 h period were multiple QDs inadvertently trapped by the
controller. Such trapping times for single QDs have not been demonstrated using
other trapping methods. For comparison, the non-specific trap created by optical

tweezers will typically trap multiple QDs on a timescale of 5-10 minutes [36].

2.6  Characterization of photon emission

To ensure that we are controlling a single QD, and to demonstrate that we can
characterize the single photon nature of our emitter while simultaneously performing
control, we carried out an autocorrelation on a dynamically positioned QD. A 25-75
beam splitter was used to deflect 75% of the light away from the camera and into a
Hanbury-Brown-Twiss type autocorrelation setup composed of a 50-50 beamsplitter
and two avalanche photodiodes. The remaining 25% was sent onto the CCD camera
to position the QD at a fixed location in the microfluidic device. To reduce
uncorrelated background counts, we gated the autocorrelation setup to accumulate
data only when the QD was not blinked off using the intensity threshold from the

CCD camera image. The results of the autocorrelation measurement, which was taken
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Figure 8: In-situ measurements of a single QD. (a) Autocorrelation measurement of a single
controlled QD obtained from a 15 minute integration with 1 ns binning and exponential fits
shown. From the exponential fit g*(0) is determined to be 0.37 + 0.02 and the decay time t, is

determined to be 22.7 + 1.1 ns. (b) Fluorescence intermittency as measured from a single held

QD.

over 15 min, are shown in Figure 8a. The autocorrelation was fit to a function of the
form GZ(T) =G2[1- (l -g° (O))e‘”] , where I' = I's + I'. with I'y being the spontaneous
emission rate and I'. being the excitation rate. In our experiment the excitation power
was set to 250 W/cm?, which is well below saturation [19,73]. In this limit the
excitation rate is much smaller that the spontaneous emission rate, so I = ts'1 where f;
is the QD spontaneous emission lifetime. From the data fit we find that gZ(O) =037+
0.02, which is a clear signature of anti-bunching, demonstrating that we are indeed
controlling a single QD. The fit also yields a QD spontaneous emission time of 7, =

(22.7 £ 1.1) ns, which is consistent with previously measured values [19,65,73].

In addition we were able to take an intensity time trace of the blinking behavior from
a single QD while it was being held in place. The resulting trace of the blinking

intermittency is shown in Figure 8b. The observed blinking behavior is characteristic
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of a single QD. These results ensure that we are manipulating single QDs and that we
can use them as single photon sources for integration with nanophotonic structures

while simultaneously positioning them with flow control.

2.7 Summary

In summary, we have demonstrated the ability to individually select, characterize, and
position single nanoscopic objects with nanometric precision. In our current
experiments, control can only be achieved in two dimensions for individual QDs.
However, recent theoretical work has shown that it is possible to achieve three-
dimensional control in two-layer microfluidic devices [74]. It is also possible to
extend the control to multiple particles using techniques experimentally demonstrated
in Ref. [60]. Our capabilities could enable integration of single QDs, or other
visualizable nano-scale objects, with photonic structures and facilitate the
development of novel nanophotonic devices and sensors. Additional techniques
enabling immobilization of objects via surface chemistry [75] or cross linking
polymerization [76] could be further incorporated with the procedure demonstrated
here for scalable fabrication of integrated devices that require the precise placement

of preselected nanoparticles with desired properties.
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Chapter 3: Positioning and immobilizing quantum dots with
nanoscale precision
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3.1 Introduction

The ability to place nanoscopic objects at precise locations on patterned or prepared
surfaces is essential for a broad range of device applications. One important example
is the positioning of QDs in nanophotonic structures such as cavities [46—48] and
waveguides [77], for applications such as single-photon generation [23,78,79], QD
lasers [80], and nonlinear optical devices [81]. Another example is the nanoscale
positioning of metallic and dielectric particles on prepared metamaterial surfaces to
engineer nanoscopic electronic circuits [51]. The majority of these applications
exploit optically resonant interactions that require the nanoscopic particles to have the
correct spectral properties. For these applications it is essential to have a technique
that can pre-select particles with desired spectral properties and place them at the

correct locations on a surface.

In this chapter we demonstrate a broadly-applicable method for the positioning and
immobilization of nanoparticles at precise locations on a surface. This method takes
advantage of electroosmotic flow control (EOFC), a technique that provides precise,
nanoscale positioning of nanoparticles [82]. Previous demonstrations of flow control
have achieved manipulation of micron-sized particles with micrometer precision
[45,60], random capture of nanoparticles with nanometric holding accuracy
[34,58,66], and more recently manipulation of nanoparticles with nanometric

precision [82].
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3.2  Experimental technique

A major limitation of EOFC to date has been that actuation of individual particles can
only be achieved in two dimensions, since fluid flow occurs only along the directions
that lie parallel to the fluid channels. Thus, a particle that is being manipulated on the
bottom surface of the device is free to diffuse out of plane, making it difficult to place
the particle on a pre-patterned surface. Another important limitation is that all
particles in the device are subject to flow. Therefore, once a desired particle has been
positioned, it is not possible to manipulate a second particle without disturbing the

position of the first one.

Here we demonstrate a technique that overcomes both of these difficulties. The
specific nanoparticles that we manipulate are colloidal cadmium selenide QDs. Single
QDs are generally difficult to manipulate due to their small sizes and sensitivity to
their physical environment. To achieve manipulation and immobilization of
individual QDs along a surface we have developed a low-viscosity, water-based,
negative-tone photoresist that causes QDs to be localized within a thin sheath along
the surfaces of a microfluidic channel. When using this photoresist, EOFC of the
nanoparticles occurs effectively in two dimensions at the surface of interest. After the
QD has been delivered to a desired location by EOFC, a brief exposure to ultraviolet
light polymerizes the surrounding fluid to immobilize the QD. Once a selected QD
has been immobilized, manipulation of subsequent QDs does not affect its position.
This technique makes possible the sequential, high-precision positioning and

immobilization of a large number of selected nanoparticles on a 2D surface.
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A schematic of the microfluidic device used in our experiments is shown in Figure
9a. The device is composed of a pair of microfluidic channels formed between a glass
cover slip and a molded block of PDMS. The control region resides at the intersection
of the two channels and has a width of 100 pm and a height of 5 um. The microfluidic
channels are filled with a mixture of QDs (Invitrogen Qtracker PEG CdSe/ZnS 655
nm) suspended in an aqueous photoresist that we have developed. The photoresist is
composed of a water-soluble multifunctional acrylic monomer, a radical
photoinitiator, and a rheology modifier used to increase fluid viscosity. When
exposed to UV light, the photoresist will cross-link in the exposed area to form a
small polymerized region that can be used to encapsulate and immobilize a QD. The
monomer is added at a concentration near its solubility limit, which causes the QDs to
segregate to the surfaces of the device, as shown and discussed in detail in subsequent
section. Four electrodes are immersed in the fluid reservoirs, providing the voltages
necessary for EOFC [44]. These electrodes can actuate the buffer to flow in any of the

four cardinal directions parallel to the glass substrate.

Figure 9b shows a diagram of the experimental setup, which consists of an inverted
confocal microscope that images the QDs onto a CCD camera operating at a 10 Hz
frame rate. QDs are illuminated with a 532 nm laser at 100 W/cm?. Individual QDs
are tracked in real time by the imaging system. Sub-pixel averaging, based on a
centroid estimate, is used to determine the position of a QD to a precision that is
much better than the diffraction limit of the optical system [55]. Once the position of
a QD is determined, a control algorithm applies voltages to the four electrodes to

actuate the correcting electroosmotic flow [45]. The control algorithm applies the
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Figure 9. Microfluidic device and setup. (a) The microfluidic device is formed between a
glass cover slide and a molded PDMS block. Colloidal CdSe/ZnS QDs are suspended in the
photoresist, which is used to fill the channel. Electrodes placed in the four fluid reservoirs
provide the voltages necessary to move QDs as desired using EOFC. A UV laser is integrated
to expose the photoresist at a central location in the setup. This location can be moved by
translating the sample stage. (b) Experimental setup showing a cross section of a microfluidic
channel. Dichroic beam splitters are used to integrate the UV source for photoresist exposure
and the green source for illumination. Signals from the QDs are filtered and imaged on a
CCD camera. Data collected from the camera are analyzed through image processing to
determine the location of the QDs. The desired feedback signals are calculated and then sent

to the electrodes, the piezo stage, and the UV shutter to coordinate the positioning.

voltages needed to move the QD from its current location towards the target location

via a continuous control loop, quickly driving the position error down to a limit set by

the imaging accuracy and particle diffusion between control updates [60].
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3.3  Fluid chemistry

The photoresist used in our experiments is composed of 0.6 wt% rheology modifier
(Acrysol RM-825, Rohm and Haas Co.) [69], 40% by volume ethoxylated-15
trimethylolpropane triacrylate (SR-9035, Sartomer), 0.3 wt% sodium 4-[2-(4-
Morpholino)benzoyl- 2 dimethylamino]butylbenzenesulfonate (MBS) photoinitiator
[83], and QDs with a molar concentration of 100 pM (Qtracker PEG CdSe/ZnS 655
nm) in deionized water. The monomer and photoinitiator provide the
photocrosslinking capability, while the rheology modifier is used to increase the
viscosity of the fluid and therefore reduce the Brownian motion of the colloidal QDs.

The polymer also notably decreases QD surface binding.

All fluid components mix well with water except the monomer at this proportion.
When the monomer is mixed an emulsion is formed that includes globules of fluid
containing the colloidal QDs. These globules can be seen filling the microfluidic
channel and adsorbing to the surfaces within the devices. The resulting films of QDs
in water still exhibit good EOFC and the QDs within these films do not show
significant signs of surface binding or agglomeration. Figure 10 shows images of the
filled microfluidic channel at different heights with (Figure 10a-c) and without
(Figure 10d-f) the monomer added to the fluid. When the monomer is added the QDs
are found to be dispersed only at the top PDMS surface (Figure 10a) and bottom glass
surface (Figure 10c) of the devices. A large QD-containing globule can be seen in
focus only in the middle of the cross channel (red in panel b). Figure 10b also

distinctly shows QDs forming a thin film along the channel walls (blue), indicating
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Figure 10. Optical images showing QD films along surfaces. (a-c) Microfluidic channel filled
with rheology modifier and the immiscible monomer (0.6% RM-825 and 40% SR-9035)
shown at different planes within the device. QDs in focus at both the top (PDMS) and bottom
(glass) surfaces can be seen along with a large globule (red) and thin layers of QDs along the
channel walls (blue) in the middle of the channel. (d-f) Microfluidic channel filled without
the monomer (0.6% RM-825) at the same planes within the device. QDs are dispersed

uniformly vertically throughout the device.

that the QDs are coating all surfaces. These results can be compared to Figures 10d-f,

which correspond to the situation in which there is no monomer. In this latter case,
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Figure 11. Positioning and immobilization of a single QD. (a-c) A single QD is chosen

(magenta box) and moved towards the target location. The line shows the distance between
the QD and the target. (d) Image showing the local UV exposure aligned with the target
location used to immobilize the QD once it is in place. (e-f) After the QD is encapsulated
(magenta box) it does not move with an applied voltage to the top electrode, although the
QDs in the surrounding solution do move. Several other QDs are circled in blue in panel (e)

and their displacements after one second of flow are shown in panel (f).

the QDs are equally dispersed throughout the microfluidic channel, as evidenced by

the fact that the number of in-focus QDs is the same at each focal plane.

34 Positioning and immobilization of single QDs

Figure 11 shows how QDs that have been pushed to the surfaces of the device can be
manipulated along the surface by electroosmotic actuation. The chosen QD is selected
by our control software and moved towards the specified location, as shown in
Figures 11a-c. We observe a strong blinking behavior, which is evidence that we are

indeed manipulating single QDs (definitive proof that we are manipulating single
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QDs is obtained by performing photon anti-bunching measurements, as discussed in
the section of this chapter on system characterization). The control algorithm
performs actuation only when the QD is in the luminescent state, as determined by a
threshold value for its observed intensity. Once the QD is at the target position, the
area containing the QD is irradiated by a 375 nm laser beam that is centered on the
target position to achieve local crosslinking of the photoresist. The UV laser is
focused to a spot size of 2 um with an intensity of 500 W/em?. A shutter is trigged
automatically to expose with UV light for 400 ms (Figure 11d) once the QD is
determined to be within 80 nm of the target position. Figures 11e and 11f show
successive camera frames obtained after the QD was immobilized. In this particular
example, a voltage was applied on the top electrode to create electroosmotic actuation
in the South direction. As can be seen from these two frames, the immobilized QD

remains at the same position while the surrounding QDs move with the flow.

3.5  Complex assembly of multiple QDs

The ability to position and immobilize nanoparticles opens up the possibility for
assembling complex patterns of pre-selected QDs. As an example, we created a 3 x 3
square lattice array of QDs with 5 um separation between adjacent lattice sites. A
single QD was first positioned and immobilized at a desired location near the center
of the control area. A piezo stage was then used to move the sample to the next
location in the array, where a QD was subsequently positioned. Figure 12a shows the
resulting 3 x 3 array. This image is an average of 4 consecutive frames, each with a

500 ms exposure time, and is displayed on an intensity-log scale. The leftmost QD in
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the middle row emitted less brightly than the others during this exposure period, and
so appears dimmer in the image. The entire array was monitored over a period of 15
seconds and subpixel averaging was used to measure the position of every QD during
frames in which they were in the luminescent state (Figure 12b). Figure 12¢ shows a
zoomed-in plot of the measured positions for one of the QDs. These measured
positions are all well localized. We note that there is a slight asymmetry between the
variance in the x and y directions of the measured positions. This asymmetry is

attributed to a small drift of the piezo stage over the measurement time.

Positions for each of the nine QDs were determined by averaging over each data set.
We determined the vision accuracy of the subpixel averaging, based on the standard
deviation of measured positions for each QD, to be 14 nm (8 nm) in the x (y)

directions. To obtain a measure of the relative in-plane positioning precision for QD
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Figure 12. Positioning and immobilization of a single QD. (a-c) A single QD is chosen
(magenta box) and moved towards the target location. The line shows the distance between
the QD and the target. (d) Image showing the local UV exposure aligned with the target
location used to immobilize the QD once it is in place. (e-f) After the QD is encapsulated
(magenta box) it does not move with an applied voltage to the South electrode, although the
QDs in the surrounding solution do move. Several other QDs are circled in blue (e) and their

displacements after one second of flow are shown in panel (f).
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immobilization, we fit our data to an ideal 5 pm grid by translating and rotating the
data and optimizing the average distance between the two. When optimized, the
average error in distance was measured to be 127 nm, which is our precision in

reproducing the array on the surface.

A single image of the encapsulated QDs after channel removal is shown in Figure 12d
on an intensity-log scale. All of the polymerized regions remained adhered to the
slide surface, and several of the QDs (shown circled in red) can be seen clearly
emitting at the correct locations even after channel removal. The remaining QDs were
in a dark state during this particular frame. At other camera frames, these QDs
became luminescent while some of the other QDs became dark. The data in Figure 12
demonstrate that devices can be assembled in a fluidic environment and then used
once the channels have been removed. We note that a degradation in emission
brightness of the QDs is observed after channel removal. The cause of this emission
degradation is not fully understood, but it may be due to oxidation during assembly
and cleaning. Methods for reducing this contamination using oxygen scavengers have
been investigated previously, and could serve to reduce QD degradation [72]. We also
note that the polymerized regions shown in Figure 12c are on the order of 2-3 pum in
diameter. Such large polymerized regions are not suitable for applications requiring
close packing of many nanoscopic particles. These spot sizes could be reduced with
improved focusing of the UV beam, and could potentially be made much smaller (sub

100 nm diameter) using multiphoton absorption polymerization [84,85].
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3.6  Assembly with two QD species

To demonstrate that this positioning technique can deliver a QD to a marked location
on a surface, we deposited a low concentration of a different species of QDs emitting
at an average wavelength of 705 nm (Invitrogen Qtracker PEG CdSe/ZnS 705 nm)
onto a dry slide cover. These QDs, which remain adhered to the glass surface after
filling the channels, served as targets. The channels were filled with the same 655 nm
emitting QDs used in previous experiments. The two species of QDs can be
distinguished visually by using bandpass filters centered at 655 nm and 710 nm,
respectively, in front of the imaging camera. We measured the emission spectra of the
two types of QDs using a grating spectrometer (Acton SP 2758 with a resolution of

0.06 nm). Figure 13a shows the measured emission spectra of bulk samples of both
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Figure 13. Immobilization of individual QDs to target QDs adhered to the substrate. (a)
Spectra of the two different types of QDs and the bandpass transmission spectra of the two
filters used to distinguish between them. (b) Relative positions of the nine positioned and
immobilized QDs that emit at 655 nm (blue dots) versus their 705 nm targets (all marked by a
single red dot at the origin). The average distance between an immobilized QD and its target
QD was measured to be 155 nm. The two circles denote the sample QD pair whose pixilated
images are overlaid in panel (c), here the red and blue asterisk mark the location of the

diffraction pattern centroids inferred by the sub-pixel averaging algorithm.
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types of QDs. Additionally, overlaid in Figure 13a are the transmission spectra of the
bandpass filters, demonstrating that they can be used for selective visualization of the

two different types of QDs.

Individual 705-nm-emitting QDs served as stationary targets for the positioning and
immobilization of 655 nm emitting QDs. Target QDs whose emission does not bleed
through the 655 nm filter were chosen so that the tracker would not get confused
between the two QD types while performing the positioning. Nine 655 nm QDs were
immobilized on top of nine chosen 705 nm QD targets, and the positions of all of
them were then measured using subpixel averaging. In Figure 13b, the red dot at the
origin marks the 705-nm QD target position for all nine pairs and the blue dots show
the measured relative displacements of the nine placed and immobilized 655 nm QDs.
The average distance between an immobilized QD and its target was calculated to be
155 nm. An overlapped diffraction image of one of the immobilized 655 nm QDs
(blue) versus its 705 nm target QD (red) is shown in Figure 13c, with an asterisk

labeling their inferred centroid positions.

A unique feature of our positioning and immobilization technique is that it enables us
to characterize QDs before they are immobilized. Thus, QDs with desired spectral
properties can be pre-selected and delivered to specific locations on a device. As a
demonstration of this capability, we fabricated a 3 x 3 array of QDs with different
specified colors at each point (Figure 14a). To construct this complex structure, we
injected a mixture of both the 655-nm-emitting and the 705-nm-emitting QDs. By
alternating between filters after each immobilization step, we assembled a 3 x 3 array

of color-selected QDs in a checkerboard pattern.
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Figure 14. Array of preselected QDs. (a) Idealized array design with the two different types
of QDs alternating in a checkerboard pattern. (b) Completed array as visualized through a
bandpass filter centered at 710 nm. The four QDs emitting at ~705 nm are circled in red
while the 655 nm emitting QDs are not visible. (c) The same completed array as visualized

through the 655 nm band pass filter. The QDs emitting at 655 nm are circled in blue.

Figures 14b and 14c show the final assembled array as seen through the 710 nm filter
and the 655 nm filter, respectively. The picture in Figure 14b was acquired in one
image frame with a 500 ms exposure time. The picture in Figure 14c was acquired
from an average of many minutes of frames with 500 ms exposure times each so that
we could visualize all five of the QDs, which were never in the luminescent state
simultaneously. The QDs that are expected to be seen based on the filter used are
circled in each picture. With the 710 nm filter in place only the correct QDs are
visible. However, the top-middle QD from the 705 nm batch is clearly visible through
the 655 nm filter (Figure 14c), due to the fact that the 705 nm QDs have more
inhomogeneous spectral broadening than do the 655 nm QDs (as seen in the spectra
in Figure 13a). Therefore, a QD from the 705 nm sample is more likely to overlap

partially with the passband of the 655 nm filter.
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3.7 System characterization

Subpixel averaging

Achievement of nanometeric positioning and immobilization of single nanoparticles
using our microscope setup requires us to be able to extract subwavelength-of-light
information from an optical signal. To attain this goal we employ subpixel averaging,
which requires that the diffraction spot of the imaged particle be spread out over
several pixels on the imaging CCD. A center-of-mass of calculation of the image will
measure the position of the particle at the center of its diffraction spot. The accuracy
of this technique is fundamentally limited by the signal-to-noise ratio of the particle
compared to the read and shot noise of the camera. However, the measurement
accuracy gets better as this position is averaged over many frames. With this
technique we are able to measure nanoscopic changes in position. To demonstrate the
power of this technique, a single QD stuck on a slide cover was moved in increments
of 24 nm using a piezo actuator while its position was measured continuously via our
centroiding algorithm. The data are shown in Figure 15a. The incremental steps of
24 nm can be seen above the noise from the raw data (black), but the steps are
especially visible when the positions are averaged over time (red). The measured
average positions and the actual positions imparted by the piezo are displayed in
Figure 15b, and show very good agreement. Therefore, we are able to perform
position measurements on immobilized QDs with high accuracy despite being limited

to diffraction spot information from our nanoparticles.
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Figure 15. Measured position of a QD as the piezo stage was moved in 24 nm increments (a)
Measured data showing the subpixel accuracy of our centroiding algorithm. The black data
are the measured pixel position of the QD, while the red line is the average position for each
step. Discrete steps are seen clearly in the measured data. (b) Measured average position
(from panel a) showing the mean and standard deviation compared to the actual position
imparted by the piezo stage when converted into actual length units. The blue line denotes
when the measured position equals the actual position. In general the measurement has high

accuracy and can easily distinguish changes in piezo displacement.

Single QD characterization

To ensure that we are controlling and immobilizing single QDs, a 2 x 2 array of QDs
was assembled (Figure 16a) and an autocorrelation measurement was performed on
the encapsulated QDs while they were still inside the microfluidic channel. An
aperture was closed down around the beam for spatial filtering of the QD signal,
which was then diverted into a Hanbury-Brown-Twiss type autocorrelation setup
consisting of a 50:50 beam splitter and two avalanche photodiodes set to count

coincidence photons. The photodiodes were also gated so as not to accumulate counts
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Figure 16. Array of immobilized dots and their measured g*(t)s. (a) Image of the 2 x 2 array
of QDs spaced 5 um apart. (b) The corresponding g*(t) measurements for each of the four
respective QDs. Autocorrelations are taken over a 1 minute integration time while the QDs
are still in the channel. The measured gz(O)s are 0.29, 0.26, 0.26, and 0.35 and all show signs

of the photon antibunching that is characteristic to quantum emitters.

when the QD is in a dark state. Correlations were obtained over a one minute
integration time. For these measurements, our pumping power was well below

saturation. The normalized cumulative counts could be fit to a function of the form

g’r)=11- (1_ 8 2(0))e_w] , where I’ is the spontaneous emission rate of the QD. The
resulting gz(r) measurements for each of the four immobilized QDs are shown in
Figure 16b. The measured gz(O)s were found to be 0.29, 0.26, 0.26, and 0.35. All
g*(0)s are well below 0.50, indicating that we are positioning only single photon

emitters.

Proximity to surface

To measure the distance of the immobilized QDs from the surface, we exploited the

fact that a small fraction of QDs adhere to the surface naturally in the course of an
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experiment. These adhered QDs serve as reference points that enable us to determine
the position of the glass surface. We positioned and immobilized three QDs in a 20 x
20 wm area that contained three naturally adhered QDs. This small region was used to
minimize systematic errors in depth measurements due to non-uniformity of the
surface and to spherical aberrations in the microscope. The distance between the
objective lens and the surface was then varied by moving the piezo stage in and out of
focus in steps of 200 nm. Both the immobilized and naturally adhered QDs were
imaged for many frames at each stage position and the sizes of the diffraction spots
were tabulated using the variances of the QD image. For every QD, a median
diffraction spot size was calculated at each position and the data were fit to a beam

divergence function of the form [86]

w(z) = w, 1+(Z_Z°] , (3.1)

where w represents the width of the diffraction spot as a function of focus position z.
The minimal diffraction spot size denoted by wy is located at the vertical position zy.
The Rayleigh range of the diverging spot is zz. A plot of the diffraction spot size, in
pixels, of one of the encapsulated QDs as a function of focal depth is shown in Figure
17a. The fit was used to determine the location of the minimal diffraction spot (and
hence the in-focus z position of the QD) from the fitting parameter zy. This procedure
was carried out for the remainder of the QDs, and the results are shown in Figure 17b.
The vertical positions of the naturally adhered QDs are shown in black and those of
the immobilized QDs are shown in red. We denote the average position of the

naturally adhered QDs as z = 0, the location of the glass surface. The position of this
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Figure 17. Proximity of QDs to the surface. (a) Graph of the diffraction spot size of an
encapsulated QD at varied focal distances from the surface. At each position the diffraction
spot size was measured many times (blue data points) and a median size (black points) was
calculated. A fit was used to find the location of the minimum spot size (black line),
establishing the vertical position of the QD. (b) Measured in-focus vertical positions of three
encapsulated QDs (red) and three QDs adhered to the surface (black) with corresponding
error bars. The blue circle denotes the data point corresponding to measurements shown in

panel a.

surface was determined with a standard deviation of 80 nm. The average position of
the three encapsulated QDs is given by 35 *+ 38 nm. The uncertainty in the vertical
measurements of both the adhered and encapsulated QDs is likely caused by vision
noise in our imaging setup, QD blinking, and the inherent roughness of the slide
cover. The accuracy of the measurement could be improved significantly by using
better methods for measuring the out-of-plane position of the QDs based on

cylindrical lenses [87] or a double-helix point-spread function [88].

3.8  Summary

In summary we have demonstrated a method for positioning and immobilization of

pre-selected nanoparticles along a two dimensional surface. These results were
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achieved by combining high precision tracking and feedback control with the
development of a water-based photoresist that restricts QDs to a thin sheath near the
surface of a microfluidic channel. Here we have demonstrated the positioning of
colloidal QDs, but the technique is general and can be employed with any nanoscopic
particle that can be visualized. It is also potentially amenable to use with virtually any
substrate that is compatible with water. This technique is a powerful new approach
for the precision, high-yield assembly of complex nanophotonic and plasmonic
devices that can combine synthesized nanostructures and substrates created by
nanolithographic techniques, thereby combining the advantages of bottom-up and

top-down nanofabrication.
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Chapter 4: Assembling complex nanostructures using flow control
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4.1 Introduction

Assembling nanoparticles on chip is a critical challenge in nanoscience research.
Stochastic assembly approaches that utilize random deposition are effective at
creating small-scale devices with a few interacting particles [15,89,90]. But when
fabricating more complex devices these approaches suffer from very low device
yield. To overcome this limitation, new methods for deterministic assembly are

required to place particles at desired locations on-demand.

Here we present a deterministic approach for assembly of complex nanostructures in
a microfluidic device using flow control. We develop a versatile toolbox for
positioning, orienting, and immobilizing various nanoparticles with nanoscale
accuracy. We use obstructions as levers to rotate and orient nanowires with high
precision. These obstructions can further be used to separate and combine multiple
nano-objects, a task that is difficult to achieve using flow control alone. Once a
particle is positioned and oriented, it is immobilized using a fluid that is crosslinked
under UV illumination. We use these tools to assemble silver nanowires into complex
nanostructures, demonstrating the scalability of the approach. These tools can
manipulate a variety of nanoparticles with different sizes, compositions, and

geometries for an all-in-one approach to nano-assembly.

4.2  Experimental setup for microfluidic control

We performed all measurements using an inverted microscope system. Our

microscope consists of a sample stage with a 1.45 NA oil-immersion objective. The
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objective both focuses light to illuminate particles in the control chamber and collects
their image. The control chamber is approximately 100 um in diameter and 5 um tall.
Our microscope employs both fluorescence and white light scattering for imaging
quantum dots and plasmonic nanoparticles, respectively. We perform fluorescence
imaging using a 250 W/em? green (532 nm) pump laser and white light imaging with
a broadband halogen lamp. An EMCCD camera captures images of particles at 10 Hz
frame rate. These images are sent to a computer that implements the particle tracking

and feedback algorithm in real-time.

4.3  Fluid chemistry

The fluid used in this chapter is composed of 40-52.5% by volume monomer resin,
1.31-0.83 wt% rheology modifier, 0.5 wt% MBS, and 0.15-0.30 wt% EDAB. This
chemistry enables localization of suspended particles along the surface of the channel,
as well as immobilization using a UV exposure to cause local fluid polymerization
[91]. Higher concentrations of rheology modifier and monomer are used to increase
fluid viscosity for improved positioning of small nanoparticles, such as QDs and
nanorods. Experiments positioning QDs also used a lower concentration of EDAB,
which can increase unwanted photo-bleaching. MBS was only added for experiments

requiring fluid polymerization.

Figure 18: Tllustration of nanowire positioning through two obstacles. {ii-v} Time-stamped

images. In all figures arrows denote direction of fluid flow.
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4.4  Positioning nanoparticles with flow control

Figure 18 shows a serious of optical images in which we demonstrate manipulation of
a silver nanowire. We demonstrate controlled positioning by moving this particle
through two objects stuck to the sample surface. All objects are in focus in the same
plane, signifying that the suspended wire moves along the channel surface. We
determine the positioning precision by holding a silver nanowire in place and
continuously monitoring its position. Figure 19a shows a scatter plot of the held wire
positions, which are rotated so that the x (y) coordinate correspond to the direction
perpendicular (parallel) to the wire axis. Panels b and ¢ show histograms of the

positions for each coordinate. The standard deviation in the held position is ¢, =6

(4) nm in the directions perpendicular (parallel) to the wire axis. We also performed
the same measurement using a nanowire that was adhered to the surface to determine
the accuracy of the tracking algorithm. We determined the uncertainty in tracking the

wire position, o, =3 (2) nm in the perpendicular (parallel) directions. The

positioning precision is calculated by subtracting tracking uncertainty from the held
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Figure 19: (a) Scatter plot of the measured centroid location of a nanowire held in place by
flow control. (b-c) Histograms of the measured positions in the direction perpendicular and

parallel to the wire axis.
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position accuracy using o, =,/0, — 0, , which yields ¢, =5 (3) nm perpendicular

(parallel) to the wire.

4.5 Rotating and orienting nanoparticles with pivots

In addition to positioning, we need to be able to orient nanoparticles. Optical [92] and
magnetic [93] fields can be used to rotate objects to a desired orientation, but these
techniques require materials be polarizable or magnetic, respectively. Flow control

can rotate nano-objects independently of their material properties, which has been

~
5
L

Figure 20: (a){i} Illustration of nanowire rotation using a nanoparticle pivot. {ii-v} Time-
stamped images. (b){i} Illustration of nanorod rotation using a nanoparticle pivot. {ii-v}
Time-stamped images. (c){i} Illustration of nanowire rotation using a polymerized obstacle,
created by UV-exposure (purple). {ii-v} Time-stamped images. Green crosshairs denote the
aligned location of the UV laser. In all figures, arrows denote direction of object translation

and rotation and green circles indicate location of pivot obstacle
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shown previously using fluid shear flows [94,95]. Here we demonstrate a fluidic
method to rotate objects using obstacle pivots, which takes advantage of the planar

geometry created by our fluid chemistry.

We control the orientation of an object by bringing it in contact with an immobile
obstacle on the surface. Obstacle particles are deposited onto the channel surface
prior to filling with fluid. These obstacles serve as pivots for torquing the manipulated
particles. Figure 20 shows a sequence of optical image frames demonstrating rotation
of a silver nanowire using an obstacle pivot, along with an illustration of the rotation
concept. The nanowire is positioned so one end comes in contact with the obstacle
and flow is applied perpendicular to the wire to apply torque. In row a, a silver
nanowire (3 um) rotates about a silver nanoparticle pivot (indicated by dashed circle).

Row b shows rotation of a 1 um long gold nanorod about a similar pivot. We can also

b

Figure 21: (a) Orienting a nanowire by immobilizing one end. {i-ii} The wire is positioned
by flow control, where a local UV immobilizes one end of the wire. {iii-iv} The wire is then
rotated about this pivot point and held at vertical orientation. {v} The stage is translated so
the UV is aligned to the second end. {vi} A second UV exposure immobilizes the second
end. {vii-viii} Another wire is positioned with flow control (in blue) to show that the first
wire is immobilized. (b) Composite image from several frames of a wire rotating 360° about

its immobilized end.
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create pivots as needed with UV polymerization, as shown in panel row c. Here, we
first create a pivot using a 1.5 second exposure of a 375 nm UV laser (25 W/em?)
focused to a target location (shown by the green crosshairs). The laser creates a
polymer capsule on the surface that is invisible to the camera (panels iv-v). When we
bring the nanowire end to the polymerized region, it rotates along the fabricated pivot
as shown in frames iii and iv. These polymer pivots can be created anywhere within

the channel to aid object manipulation.

We can also orient nanowires by partially immobilizing one of the ends. Figure 21a is
a sequence of camera images that show how the process works. First, we translate one
wire end to the aligned UV location indicated by the green crosshair. We then expose
this end to a short (0.5 seconds) UV exposure (intensity of 90 mW/cmz) that loosely
affixes it to the surface by partially solidifying the surrounding fluid. This affixed end
acts as a pivot about which the wire rotates. A subsequent UV exposure at the second
wire end permanently immobilizes the wire in place. An immobilized end enables full
360° rotation of a wire. This is shown in panel b which is a composite of 16 images

illustrating full circle rotation.

Affixing one end to the surface provides very accurate control of a wire’s orientation.
Once tacked down, flow control actuates fluid motion perpendicular to the wire’s axis
in order to rotate it to a desired angle. Feedback control continually adjusts to
compensate for deviations in wire orientation due to rotational Brownian motion. We
quantify orientation precision by monitoring the angle of a wire held by flow control
for 1 minute. The wire’s angle is measured by least squares fitting of the image to a

line [95]. Figure 22b plots histograms of the measured angles for the held wire (blue)
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Figure 22: (a) Histograms comparing the measured centroid location of a nanowire that is
immobile on a surface (red) with one that is held to an angle by flow control (blue) (b)
Histogram of the measured difference in angle from the desired orientation for 15 wires that

were fully immobilized.

compared to the measured angle for an immobile wire (red). We calculate the

standard deviation in held angle, o,, =0.42°. The standard deviation of the

immobilized wire’s angle provides an estimate for the uncertainty in tracking the

wire’s angle, determined to be o,, =0.13°. We subtract the tracking uncertainty from

t

the held angle accuracy to get the orientation accuracy given by o, =+/0;, -0,

and calculated to be 0.40°.

To measure the precision within which we can fully orient and immobilize a
nanowire, we repeated the full procedure illustrated in Figure 21 for 15 wires. For
each wire we immobilized one end, rotated the wire to vertical orientation, and
immobilized the second end. We measured the final orientation of all 15 trials and
calculated the differences in angle from the vertical orientation. Figure 22b shows a
histogram of these measured differences, which have a standard deviation of 0.53°.

This standard deviation is close to the measured value of our orientation precision,
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which suggest that the precision with which we can immobilize a wire is limited by
how well we can control its orientation. The immobilization process contributes only

a small additional error.

4.6  Manipulating nanoparticles with barriers and guides

Immobilized nanowires and nanorods act as obstacles that can improve the
positioning of other nanoparticles. Due to their one-dimensional nature, these
obstacles act as barriers and guides for separating, combining, and orienting other
mobile particles. Figure 23 shows how a nanowire obstacles can be used to separate
and combine nanoparticles. For this experiment, we used cadmium selenide QDs,
which are suspended in the fluid for positioning. Prior to filling with fluid, we dried a
solution of silver nanowires onto the channel surface. These wires acted as the
obstacles for the QDs. The wires and dots are imaged simultaneously using a
combination of white light scattering and fluorescence imaging. Figure 23a shows

two QDs being separated using an immobilized silver nanowire as a barrier

Figure 23: (a){i} Hllustration of QD separation (blue from red) using an AgNW barrier. {ii-v}
Time-stamped images. (b){i} Illustration of quantum dot coalescence (blue to red) using an
AgNW barrier. {ii-v} Time-stamped images. In all panels arrows denote direction of particle

motion and green delineates the location of the obstacle barrier.
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Figure 24: (a){i} Illustration of nanorod alignment to an nanowire guide. {ii-v} Time-
stamped images. (b){i} Illustration of nanowire rotation using the foothold of an nanowire
barrier. {ii-v} Time-stamped images. In all panels arrows denote direction of fluid flow and

object rotation and green delineates the location of the obstacle barrier.

(delineated in green). The figure shows a sequence of time stamped images, along
with an illustration of the approach. QD separation uses the end of a silver nanowire
as a wedge to pull one QD (circled blue) away from the second (circled red). Figure
23b shows the reverse process, in which the wire is used to combine two QDs by
pushing them both up against the barrier. Once combined, the QDs can be positioned
together to a desired location. The same approach can also be applied to wires and

rods.

In addition to separating and merging, immobile wires can also serve as guides to
align mobile nanowires and nanorods along a defined direction. Figure 24a
demonstrates this capability. Flow was used to align a gold nanorod with a silver

nanowire barrier. We pushed the gold nanorod against the nanowire with flow. The
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Figure 25: Images of nanowire structures assembled using our toolbox of techniques.

wire served as a barrier that oriented the rod in the parallel direction. Once together,

the wire guided the rod, which slid along the wire (panels iv-v).

Immobile nanowires can also orient mobile wires at various relative angles. Figure
24b demonstrates orientation of one silver nanowire using a second immobilized wire
as a barrier. We created a component of the fluid flow normal to the barrier to exert a
force that held one end of the wire in place by static friction. A component of flow
parallel to the barrier could rotate the wire in either direction. Static friction provides

ample footing for rotation of angles between 30-40° to the normal.

4.7  Assembling nanoparticles

As a final demonstration, we used a combination of the techniques described in our
toolbox to assemble nanoparticle structures from individual silver nanowires, shown
in Figure 25. For each structure, we first immobilized a wire either along the y
(panels b and e) or x directions (panels a, ¢, and d) using the technique outlined in
Figure 21. We assembled the subsequent wires in panels a-d by first coarsely
orienting and placing them near the correct location (technique in Figure 20). Finer

orientation was achieved by tacking down one end of the wire and rotating the other
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to the desired orientation. Once oriented, the second wire end was immobilized,
fixing the whole wire in place (technique described in Figure 21). The structure
pictured in Figure 25e used the technique shown in Figure 24b to orient a second wire
perpendicular to the first. We oriented subsequent wires using the ‘v’ shaped grooves

created by the first two wires.

4.8  Summary

In this chapter, we demonstrated a microfluidic toolbox for constructing complex
nanostructures on chip with nanoscale accuracy. We used electroosmotic flow control
and an engineered photoresist fluid chemistry to position and immobilize single
nanoparticles on a two-dimensional surface. The mechanics provided by this planar
geometry provides the tools necessary for controlled nanoparticle assembly. We
employ nanoparticle obstacles and local fluid polymerization to orient and assemble
nanoparticles together. This scheme enables bottom-up assembly using immobilized

particles as platforms off of which subsequent particles can be built.

We demonstrated assembly of nanostructures using single silver nanowires. These
wires are useful for nanophotonic applications since they can guide light, confined to
nanoscale volumes, in the form of surface plasmons [96]. The assembly method we
develop could enable construction of plasmonic circuits for creating subwavelength
interferometers [14] and resonators [13]. In addition, integrating single emitters, such
as QDs [15], with plasmonic nanowires can be used to engineer single photon
transistors for quantum computation [17] and efficient single photon sources for

quantum communication [16].
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Flow control achieves positioning of objects independent of their material properties.
As a result, a wide variety of particles can be positioned together to assemble
complex nanosystems. This capability opens the door for realizing lumped element
nanoelectronics [51] and user-defined metamaterials [97]. Flow control also provides
the ability to manipulate several particles simultaneously [60]. Incorporating parallel
manipulation with our techniques for orienting and immobilizing particles could pave

the way for efficiently assembling large scale nanoparticle systems on chip.
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Chapter 5: Nanoscale imaging and spontaneous emission control
with a single nano-positioned quantum dot
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5.1 Introduction

Plasmonic nanostructures confine light on the nanoscale, enabling the creation of
ultra-compact optical devices that exhibit strong light-matter interactions. QDs are
ideal for probing plasmonic devices because of their nanoscopic size and desirable
emission properties. However, probing with single QDs has been challenging because
their small size also makes them difficult to manipulate. Here we demonstrate the use
of QDs as on-demand probes for imaging plasmonic nanostructures, as well as for
realizing spontaneous emission control at the single emitter level with nanoscale
spatial precision. A single QD is positioned with microfluidic flow control to probe
the local density of optical states (LDOS) of a silver nanowire, achieving 12 nm
imaging precision. The high spatial precision of this scanning technique enables
development of a new method for spontaneous emission control in which interference
of counter-propagating surface plasmon polaritons results in spatial oscillations of the

QD lifetime as it is positioned along the wire axis.

Controlled interactions between nano-emitters and plasmonic nanostructures are
important for a broad range of applications in photonics and quantum optics.
Plasmonic nanostructures localize electromagnetic fields to nanometer dimensions in
the form of surface plasmon polariton (SPP) waves. Accurate placement of nano-
emitters in the high-field regions of SPP modes can improve the efficiency and
directionality of light emitters [98,99], provide large nonlinear optical effects at low
light levels [17,100,101], enhance sensing capabilities [102,103], and enable the

development of lump-element nanophotonic circuits [51] as well as quantum optical
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circuits for quantum networking [16,17]. Nano-emitters can also serve as nearly ideal
localized excitation sources that can be used to probe electromagnetic properties of

plasmonic nanostructures, such as the LDOS, with high spatial resolution [32].

A variety of methods have been applied for sub-wavelength probing of plasmonic
structures. Near-field scanning optical microscopy uses a tapered tip to probe the
LDOS [104-109]. This tapered probe, however, can add unwanted distortion to the
image [32,110,111]. Other imaging techniques, such as electron energy-loss
spectroscopy [112] and cathodoluminescence imaging spectroscopy [113,114], enable
the study of plasmonic mode structures with nanometric precision by using a tightly
focused electron beam. However, these techniques typically require high vacuum and
an electron beam that has been accelerated at high voltage, which has limited their

applicability.

An ideal probe for nanoscale electromagnetic imaging is a single, isolated, point-like
dipole emitter, which provides high spatial resolution with minimal distortion of the
LDOS [32]. Additionally, the strong back-action of the plasmonic nanostructure on
the emitter can enhance or suppress spontaneous emission. This back-action provides
an effective method for performing spontaneous emission control [15,115], forming
the basis for novel light sources [99] and quantum circuits [17]. Methods that
incorporate either single emitters [116,117] or ensembles of emitters [115,118] on a
scanning tapered probe have been demonstrated for both near-field imaging and
spontaneous emission control, but these techniques have so far been limited to an
imaging resolution of about 100 nm. Mechanical dragging of diamond nanocrystals in

the vicinity of plasmonic structures using scanning-probe manipulators has also been
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demonstrated [119,120], but to date this method has only provided sparse sampling of
the electromagnetic mode with too few data points to reconstruct an accurate image.
Three-dimensional manipulation of 75-nm diamond nanocrystals by optical trapping
has also been reported recently and used to image the LDOS of dielectric waveguides
[121], but the extension of this approach to plasmonic structures is challenging
because the field typically decays on a length scale that is on the order of the size of
the nanocrystal. Random diffusion of fluorescent molecules has also been used to
image plasmonic hot spots, achieving spatial imaging accuracy as fine as 1.2 nm
[122]. However, this procedure is entirely stochastic and cannot be used to probe a

desired location or target on demand.

Semiconductor QDs are ideal nano-emitters for local probing and excitation of
plasmonic nanostructures. Due to their nanometric size, QDs can act as sensitive
probes for studying the electromagnetic properties of plasmonic nanostructures with
high spatial precision. However, the application of QDs as nanoscale probes has been
challenging. Their small size makes them difficult to manipulate using standard
approaches such as optical trapping [37]. Although optical trapping of single QDs has
been demonstrated [36], the spatial accuracy of this trapping procedure has not been
reported and the positioning accuracy that can be achieved with this approach remains
unclear. Additionally, optical trapping forces are not selective, which can result in
many particles getting caught in a single trap over a short timescale. Alternate
methods that use tapered probes with single QDs attached to the tip [35] or,

conversely, scan an attached sample over a single QD immobilized on a surface
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[123], have been reported. However, these approaches have been largely limited by

QD blinking and bleaching, which significantly distort the acquired image.

In this work we demonstrate that a single QD can be used as a nanoprobe for imaging
plasmonic nanostructures and for spontaneous emission control with high spatial
accuracy. Specifically, we use a single QD to image the LDOS of a silver nanowire
(AgNW). The QD is deterministically positioned at desired locations adjacent to the
AgNW by actuating flow in a microfluidic device through electroosmosis [44],
thereby moving the QD via viscous drag [82,91]. Using this approach we image the
LDOS with a spatial precision as fine as 12 nm. Furthermore, we use the back-action
of the AgNW on the QD to perform spatially resolved spontaneous emission control
with nanoscale precision. We demonstrate control of the QD lifetime by placing it in
regions with different magnitudes of the LDOS. The high spatial precision of our
approach reveals oscillations in the QD spontaneous emission rate as it is positioned
along the wire axis. These oscillations are the signature of direct coupling to surface
plasmon modes induced by interference between counter-propagating surface
plasmon waves. The ability to control light-matter interactions at these length scales
is crucial for optimizing interactions between single emitters and surface plasmons,
and plays an important role in the study of quantum optics in plasmonic structures as

well as in the development of nanoscale quantum devices [17].

5.2 Description of imaging approach

Our imaging approach relies on the strong electromagnetic interactions between the

QD and the SPP mode of the wire. When a QD is positioned near an AgNW, energy
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from the photoexcited QD is transferred to the wire’s SPP mode through an electric
dipole interaction [15]. The rate of energy decay of an isotropic emitter into the

guided SPP mode of the AgNW is given by Fermi’s Golden Rule:
Vo = 2707 <\E(r, a))\2> D(w), (5.1)

where D () is the spectral density of electromagnetic modes, E(r,®) is the electric

field operator for the AgNW mode, and u is the transition dipole moment of the
emitter [124]. Although QDs can exhibit polarized light emission and are therefore
not completely isotropic [125], rotational Brownian motion in the fluid averages out
orientational effects on a time scale that is much faster than the data integration time
(Figure 26), enabling the QD to behave as an effectively isotropic emitter. The

spontaneous emission rate is often expressed in terms of the LDOS defined as [126]:
p(@)= <\E(r, a))\2>D(w) [ 47k? (5.2)

where k=a¥c. Thus, %, is proportional to the LDOS, and provides a direct measure of
the local field intensity of the AgNW mode at the location of the emitter. In our
experiment, this rate is measured in two independent ways: by monitoring the
radiated light intensity from the wire end and by directly measuring the QD lifetime
as a function of position. These two observables provide mutually complementary

approaches for studying the electromagnetic properties of the wire.
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Figure 26: QD polarization in a microfluidic channel. The emission anisotropy of three pairs
of QDs (a-c) as a function of polarization (which was rotated in time). Each pair consisted of
a free-floating (red) and an immobilized (blue) QD. The emission polarizations for each pair
were characterized simultaneously using a setup in which the emission was sent through a
half-wave plate and then split into vertical (V) and horizontal (H) polarization by a calcite
beam displacer. Plotted here is the measured emission anisotropy, (Iy-Ig)/ (Iy+ly), for each
QD as the emission polarization is rotated with the half-wave plate. The immobilized QDs
demonstrate a clear polarization dependence, however the free-floating QDs appear largely
unpolarized. We attribute this lack of polarization for the suspended QDs to rotational
Brownian motion, which causes polarization effects to be averaged out if the data acquisition
time exceeds the orientational diffusion rate. As a result, free-floating probe QDs behave as

effectively isotropic emitters.

5.3  Experimental procedure

An optical image of the microfluidic device used to position QDs is shown in Figure
27a. Four microfluidic channels intersect at the control region, where QD
manipulation occurs (the dashed circle). Figure 27b illustrates the probing procedure
for an AgNW. Within the control region, a single QD is selected and driven along a
trajectory that samples the LDOS of the wire at a desired set of locations. AgNWs

with an average diameter of 100 nm and an average length of 4 um (SEM image in
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Figure 27b inset) are deposited on the polydimethylsiloxane (PDMS) surface of the
control region. The channels are filled with fluid containing QDs that are confined to
a thin sheath along the surface by the fluid chemistry [91]. Within this sheath, single
QDs are manipulated with nanometric precision using flow control. The deposited
AgNW acts as an obstacle for the QDs, indicating that the QDs are constrained to be
within 100 nm of the surface (the diameter of the AgNW). The QD fluorescence
signal is collected using a confocal micro-photoluminescence system [82,91], and
25% of the emission is sent to a CCD camera for tracking. The remaining 75% of the
emission is sent to an avalanche photodiode (APD) to perform lifetime
measurements. Each detection event from the APD is saved with a time stamp that is

synchronized to the camera frame acquisition rate.

The control fluid was composed of 45-48% by volume -ethoxylated-15
trimethylolpropane triacrylate resin (SR-9035, Sartomer), 1.25-1.4 wt% rheology
modifier (Acrysol RM-825, Rohm and Haas Co.) [69], 0.15-0.3% of a zwitterionic
betaine surfactant [70], and CdSe/ZnS core-shell QDs (Ocean NanoTech©,
Carboxylic Acid, 620 nm) in deionized water. The triacrylate resin causes the fluid
sheath to form. The surfactant was introduced to improve electroosmotic actuation on
the PDMS surface while the rheology modifier was used to reduce Brownian motion

and inhibit unwanted adhesion of the QDs to surfaces.

The microfluidic device was composed of a molded PDMS cross pattern placed on
top of a glass coverslip. The resulting channel was 5 pm in height with a control
region that was approximately 100 pm in diameter. The QDs were excited

simultaneously by a 532 nm continuous wave laser at an intensity of 250 W/cm?” and
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PDMS surface

Figure 27: Near-field probing with a single QD. (a) Optical image of the microfluidic
crossed-channel device. Flow in the center control region (dashed circle) is manipulated in
two dimensions by 4 external electrodes (not shown). Scale bar is 500 um. (b). Schematic of
the positioning and imaging technique. A single QD is driven along a trajectory close to the
wire by flow control. The coupling between the QD and AgNW is measured either by the
radiated intensity from the wire ends or by QD lifetime measurements. The inset shows an
SEM image of a typical AgNW used in our experiments with 1 um scale bar. The x-y
coordinate system is defined relative to the orientation of the AgNW, as illustrated in the

inset.

a 405 nm pulsed laser with a 10 MHz repetition rate at 35 W/cm®. A fraction (25%) of
the QD emission was imaged using an EMCCD camera (Hamamatsu C9100-13)
operating at 10 Hz frame rate while the remaining signal was focused onto an
avalanche photodiode (APD, PerkinElmer SPCM-AQR) for time-resolved lifetime
measurements. Data were analyzed using a time-correlated single-photon counting
module (PicoQuant PicoHarp300) that synchronizes photon events with camera

frames.

QD positions were tracked with sub-wavelength accuracy by fitting the imaged
diffraction spot to a Gaussian point-spread function. The spatial accuracy of the
tracking algorithm is limited by system vision noise, which includes a combination of

camera read noise, multiplication noise, and shot noise. We determined the tracking
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Figure 28: QD tracking and positioning accuracy. (a) Scatter plots of the measured positions
of a QD over the course of one minute. Red data points correspond to a QD that is
immobilized while blue data points correspond to a QD that is held in place by flow control.
(b-c) Histograms of the x and y coordinate corresponding to data from panel a. Red bars are
the histogram for an immobilized QD, while blue bars are the histogram for a positioned QD.
The yellow solid line is a Gaussian fit for an immobilized QD showing a measure standard
deviation of 12 + 1 (11 £ 1) nm along the x (y) coordinate. The black solid line is a Gaussian
fit for the positioned QD with standard deviation of 36 £ 2 (40 + 2) nm for the x (y)

coordinate.

accuracy by monitoring an immobilized QD on a glass surface for one minute. The
measured QD positions are plotted as red points in Figure 28a. The red bars in Figure
28b-c plot a histogram of the measured QD position along the x and y coordinates
respectively. The solid yellow line represents a Gaussian fit, the standard deviation

(s.d.) of which is used to determine a tracking precision of o, =0of 12+ 1 (11 £ 1) nm

along the x (y) directions.

Nanoscale positioning precision is achieved by employing vision-based feedback
control that creates corrective flows to position the QD at a desired location. The
positioning precision is measured by monitoring a QD that is held in place by flow

control for one minute. The measured QD positions are plotted as blue data points in
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Figure 28a. The blue bars in Figure 28b-c are a histogram of these measurements,
while the black solid line is a Gaussian fit for which the s.d. gives a positioning

accuracy of ¢ ,=34 £ 3 (39 £ 3) nm along the x (y) directions. These numbers were

corrected for noise in the tracking algorithm using the relation o, =+ o’ -0 , where

o is the total measured position fluctuations. These results indicate that we can
deterministically probe the wire mode at a desired location on demand with
nanometric precision. It is important to note that the positioning accuracy does not
limit the spatial imaging accuracy of the system, since the position of the QD is

known to a higher precision than that with which it can be controlled.

Figs. 29a-c show a series of images of a single QD being moved progressively closer

to an AgNW. When the QD is close to the wire, light radiates from the wire ends

Figure 29: Coupling a QD to an AgNW. (a-c) This series of images shows coupling of the
QD to the AgNW as the QD is moved closer to the wire. The scale bar is 500 nm and
intensities are plotted on a logarithmic scale. The red and blue boxes show the image
integration region used to calculate the radiation intensities and positions of the QD and the
wire ends, respectively. The measured location of the QD is labeled with a red star and the

axis of the AgNW is labeled with a blue dashed line.
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(Figure 29c¢). This radiation arises from direct dipolar coupling of the QD excitation

to the waveguided SPP mode. The extraction efficiency of the QD excitation into the

AgNW mode is given by 7, =y, /¥ where Yis the total decay rate of the QD due to
all radiative and non-radiative decay channels, and ¥, is defined in equation (5.1). In

the limit in which yis dominated by free-space modes the efficiency is proportional to
the LDOS at the location of the emitter. Therefore, by simultaneously monitoring the
QD position and the radiated intensity from the wire end we can construct an image
of the LDOS. In addition, we can determine the LDOS by directly measuring the QD
radiative lifetime [115]. Such direct lifetime measurements have the advantage that
they are independent of sample geometry, since they do not rely on monitoring the
AgNW end radiation. Thus, in contrast to measurements that monitor the end of a
wire, lifetime imaging can be applied to objects that are sub-wavelength in all three

dimensions, such as metallic nanospheres and nanorods.

QD probing was performed at various locations along the middle and end of an
AgNW. The QD trajectory was selected to maximize data sampling near the wire
surface (Figure 30). A significant challenge of probing with QDs is that they blink
[127], which leads to emission intensity fluctuations that complicate the interpretation
of the radiated intensity from the wire end. Our imaging approach offers a convenient
solution to this problem because it enables the simultaneous measurement of the
intensity radiated both from the wire end and directly from the QD. The direct
radiation from the QD is used to normalize for QD blinking and local field

enhancement of the pump. The QD emission and the AgNW radiated intensity are
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Figure 30: Scanning Trajectories. (a) Mid-wire scanning trajectory (corresponding to Figure
31). (b) A trajectory scanning the wire tip (corresponding to Figure 34). (c) A trajectory
scanning the wire along the side (corresponding to Figure 36). Blue points connected with
lines correspond to the trajectory points, connected in order of scanning. During the
experiment, flow is applied to position the QD to the desired trajectory point for two seconds
before moving on to the next point. Red boxes define the scanning regions. Black lines
designate the physical extent of the wire. Some points along the trajectory lie inside the wire
or on the opposite side of the wire, however, since the wire acts as an obstacle the QD cannot
generally reach these points and instead is forced against the wire to ensure data is collected
as close as possible to the surface. Additionally, the trajectory points are more densely spaced

closer to the wire in order to ensure probing of the near-field region.

measured by summing the pixels within their respective windows (Figure 29a-c). We

define the normalized coupled intensity I as:

Z(Irzlvlv _IBKG)
I(x,y)= %(IQD _IBKG) (5.3)

pP-q

where 1) and 1?7 are the intensities of the (n,m)™ and (p,q)™ pixels within the

I BKG

AgNW and QD windows respectively, while is the average pixel background

intensity. The background level is calculated by averaging pixels sufficiently far away
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Figure 31: Probing the LDOS profile near the middle of the AgNW. (a) I as a function of

position near the middle of the wire. The dashed region indicates the assumed location of the

AgNW surface. (b) I_ as a function of distance from the wire axis (x coordinate) using data
from panel a. The blue line indicates the best fit to a modified Bessel function. The red dotted
line is an FDTD simulation of the AgNW evanescent field. The simulation result was fit to
the data using an overall scaling factor. (c) Radiative decay of the QD at 200 nm (red
squares) and 30 nm (blue circles) distance from the AgNW axis with lifetime fits of 17 and 8
ns respectively. (d) QD lifetime as a function of x position. The second y-axis denotes the
Purcell factor corresponding to the measured lifetimes. Colored markers indicate the data

points used for panel c.

from the AgNW and the QD. The value of I is proportional to the coupling

efficiency 77, and thus to the LDOS of the nanowire.

5.4  Probing the side of an AgNW

Figure 31a is a scatter plot of I as a function of QD position when the QD was
positioned near the midpoint of the AgNW. The dashed lines represent the location of

the AgNW surface, which is assumed to be 50 nm from the wire axis (the typical
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radius of the wires used in this work). The wire orientation and length were
determined by tracking the diffraction spots of the radiated light from the wire ends
(blue boxes in Figure 29c) with the same algorithm used to track the QD. The data
points are plotted relative to the measured wire location with the y-direction aligned
along the wire axis and the x-direction corresponding to distance from the wire axis,
as indicated in the inset of Figure 27b, with the origin placed at the lower end of the

wire.

Figure 31b shows I as a function of radial distance from the wire axis. I is seen to
increase as the QD approaches the wire surface. For a cylindrically symmetric

AgNW, the evanescent field from the surface is predicted to follow a Bessel-function
decay [128]. The data are therefore fit to a function of the form | BK, (00c)|2 where
K, (ax) is the zeroeth-order modified Bessel function, x is the distance from the

AgNW axis, and « and f are fitting parameters (calculated from the fit to be 0.006
nm™' and 0.142, respectively). The solid blue line in Figure 31b is the Bessel-function
fit and the red dashed line corresponds to the AgN'W evanescent field as calculated
using a finite-difference time-domain (FDTD) method. The FDTD solution was
multiplied by a constant to provide the best fit to the data. Both the analytical and

numerical solutions show good agreement with the measured LDOS profile.

Simulations were performed using the Lumerical FDTD Solutions software package
(http://www .lumerical.com). A 4 um long silver nanowire with 100 nm diameter was
simulated surrounded by a background index of 1.4, which corresponds to the index

of refraction for PDMS. The QD fluid was assumed to have the same index.
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Simulations were performed by exciting the AgNW with a transient dipole source,

and calculating the field after the dipole excitation had finished.

The spontaneous emission lifetime of the QD was measured using the APD while the
camera simultaneously measured the QD position. Figure 31c shows two time-
resolved fluorescence measurements obtained by collecting photon events detected
when the QD was at radial distances of 200 £ 12 nm (red squares) and 30 + 12 nm
(blue circles) from the wire axis, respectively. A biexponential fit was used to
determine the QD’s lifetime [129], yielding values of 17 ns and 8 ns for the two
distances, respectively. This reduction in lifetime at short distance is consistent with

previous measurements of QDs coupled to nanowires [15].

Figure 31d plots the QD lifetime as a function of position. Each lifetime was
calculated by grouping all photon events in which the QD was within a £12 nm
window from the specified radial distance. The positional dependence of the lifetime
mirrors the intensity of the emission from the wire end, demonstrating a clear
agreement between the two methods, as well as the ability to perform spontaneous
emission control by localizing the QD near the wire surface. The color scale in Figure
31d is labeled both in units of raw lifetime (left labels) and Purcell factor (right

labels), which is defined as F, = ¥/ y,, where ¥, is the emission rate of the QD far

from the AgNW and y is the measured decay rate.

86



261

Averaged data

245 Exponential fit

2.2}

1.81

I1/I2

161

141

121

0.8 L : : . '
1 1.5 2 25 3 35
Position along AQNW (um)

Figure 32: SPP decay along AgNW length. Ratio of emission intensity measured from both

AgNW ends as a function of position along the wire. The black line is an exponential fit.

5.5  Propagation loss

In probing along the length of the AgNW, the measured parameter / may experience
distortion due to different propagation losses to the wire end. The position
dependence of propagation loss can be determined by monitoring the emission
intensity from the two ends of the AgNW simultaneously as the QD is moved along
the length of the wire. Here we calculate the propagation length of a typical AgNW
used in this work. We describe the radiated intensity from the two AgNW ends as

having an exponential dependence according to:

() _—(x=LI2)/x
I,=p%e !

2) (x=L/2)/ (5’4)
12 — IB( )e X X
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where x is the location of the QD between the wire ends, " and B are the
radiated intensities from the two AgNW ends labeled (1) and (2) when the QD is
coupled in the middle of the wire, L is the length of the wire, and x, is the decay
length of the SPP mode. In the case in which the two facets of the AgNW are

completely symmetric, S = £*, but in general these parameters are not equal.

The ratio of the measured intensities is therefore:

I

—L = fe'" (5.5)
12

where S and x, are now constant fitting parameters. Figure 32 shows the average

value of [, /1, as a function of position along an AgNW for an experiment in which
the QD was probed along the length of the wire. We use a fitting function of the form
in Eq (5.5) and calculate a propagation length of 4.7 um, which corresponds well with
other published results [13]. This absorption length is much longer than the 200 nm

scanning distance along the y-direction used for Figure 31. As a result, propagation

losses are expected to have only a minimal effect on the measured parameter/ .

5.6 Spatial accuracy of measured QD positions

The measurements in Figure 31b can be used to determine the spatial imaging
accuracy. This accuracy is the root-mean-square (rms) deviation in the measured
positions of the QD relative to the position predicted by the Bessel-function fit. The

rms deviation provides an upper bound on the spatial imaging accuracy.
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Here we derive a bound on the spatial accuracy of the measured data points. We use
the data in Figure 31b, which have been reproduced in Figure 33a. Both the measured
data and Bessel-function fits are shown as a function of distance from the wire axis.
The red lines indicate the spatial distance of each data point from the predicted value
given by the Bessel function fit. Fluctuations in the spatial coordinate of the raw data
relative to the Bessel function arises from both position uncertainty due to
measurement error (fluctuations along the horizontal axis) and intensity noise

(fluctuations along the vertical axis). Thus,

2 2 2
o,=0,+S,0,; (5.6)
a b
0.07
Measured data
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0.05¢ 0.05
0.04 . 004
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Figure 33: Spatial accuracy of measured QD positions. (a) Figure 31b with Bessel-function

fit. Red lines indicate spatial distance between the measured QD position and position

predicted by Bessel-function fit based on the measured intensity. /, ., is labeled with a blue

line. (b) Plot of o4 for a range of [, ., values. The minimum standard deviation of 12 nm

thres

occurs at I, aresn = 0.02 and is represented by the horizontal blue line.
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where o, represents the fluctuations in the distance between the measured position
and predicted value (the red lines in Figure 33a), and o, represents fluctuations in the

measured value of I due to effects such as shot noise and camera pixel noise. The

spatial imaging accuracy is given by o _, which is the uncertainty in the measured

value of the QD position. S, = [ad / 87]2 is the sensitivity parameter for the intensity

fluctuations, which depends on the slope of the Bessel function at the measured

intensity value. We calculate o, using the rms distance between data points and the
Bessel function fit along the position axis. From Eq. (5.6) it can be seen that o, <0, .

Thus, o, provides a worst case estimate of the spatial imaging accuracy.

The inequality, o <o,, will tend to overestimate the imaging accuracy when

intensity noise is not negligible. From the Bessel-function fit one can see that when
the QD is near to the nanowire (approximately 50 nm from the surface) the measured
intensity is strongly dependent on the position of the QD due to the steep slope of the
curve. In this region the value of §,, which is related to the inverse of the slope, is
small and we expect the noise to be dominated by the measurement inaccuracy of the
QD position. Further away from the wire, where the slope becomes shallow and S,
becomes large, the intensity noise contributes significantly to the measured error. In

this region, the bound will overestimate uncertainty of the measured QD position.

To prevent overestimation of the calculated spatial accuracy we introduce an intensity

threshold 1

thresh *

as indicated in Figure 33a. All data points whose coupled intensity

I exceeds this threshold are included in the calculation for & s while data points that
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lie below the cutoff are rejected. We varied [ to determine when the intensity

thresh

noise becomes significant in the calculation of g, . Figure 33b plots ¢, as a function

of I

thresh

. The calculated ¢, is largely independent of the intensity threshold for larger

For I

thresh

values of I

resh - < 0.01 the bound for the position accuracy begins to
increase rapidly because we are including more data points from the region that is
highly sensitive to intensity noise. Since each data point in Figure 33b represents an

upper bound on the spatial accuracy, we take the minimum value as the tightest upper

bound which gives the best estimate. The minimum value is calculated to be 12 nm
and is attained at 7, , = 0.02 (plotted with a horizontal blue line), which is

consistent with the 12 + 1 nm tracking accuracy calculated previously by observing
an immobilized QD, indicating that the spatial imaging accuracy is primarily limited

by vision noise.

5.7  Probing the tip of an AgNW

Figure 34a is a scatter plot of data recorded when a QD was scanned near one end of
the AgNW while the intensity was monitored at the opposite end. Probing the AgNW
tip required several minutes of QD scanning. Over this time span, sample drift can be
appreciable, potentially creating image distortion. To account for sample drift, the QD
position was measured relative to the wire end that was tracked throughout the
experiment. The ability to correct for drift represents an important practical advantage

of this approach, enabling us to acquire images over long periods without distortion.
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Figure 34: Probing the tip of an AgNW. (a) Scatter plot of measured positions and intensities

near the end of the AgNW. The color of each data point corresponds to i . The dashed region
indicates the location of the AgNW. (b) Reconstructed image using a Gaussian-weighted
average. The image intensity is normalized by its maximum. (c) FDTD simulation of the
AgNW mode profile showing an enhancement at the tip (also normalized by its maximum).
(d) Image of the measured QD lifetime as a function of position. The color scale is labeled

with both lifetime and Purcell factor.

The raw data presented in Figure 34a can be used to construct an image of the LDOS.
The value of each pixel in the image is found by taking a Gaussian-weighted spatial
average of the raw data. The Gaussian is centered at the location of the pixel and the
standard deviation is set to 33 nm, corresponding to the rms combined spatial
accuracy of the QD (12 nm) and the tracked AgNW end (30 nm) (see Figure 35). The
reduced spatial accuracy at the wire ends is attributed to the fact that their emission is
much dimmer than the direct QD emission, as can be seen in Figure 29c. The

additional error incurred by tracking the wire end is not fundamental to the imaging
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Figure 35: Spatial accuracy of measured AgNW end positions. (a) Scatter plot of the
measured positions of an AgNW end over the course of 1 minute. (b-c) Histograms of the x
and y positions with Gaussian fits measuring 24 + 2 and 30 + 3 nm standard deviations
respectively. A single QD is placed on an AgNW and the position of the wire end is
determined by measuring the center of the diffraction spot of the radiated light and fitting it
with a Gaussian point spread function. This light radiated from the wire end is much dimmer
than the direct emission from the QD. Thus, the accuracy with which we can track the

AgNW is worse than the accuracy with which we can track the QD.

procedure and could be largely removed by using brighter tracking objects to monitor
the drift. The resulting two-dimensional image is shown in Figure 34b. Comparison
of the measured LDOS profile with the calculated mode obtained from FDTD
simulations (Figure 34c) shows good agreement. Figure 34d plots the measured QD
lifetime in the region around the AgNW tip. Each lifetime measurement was obtained
by combining all photon events for which the QD was within a 33 nm radius of the
center pixel location. The measured lifetime exhibits good agreement with the results

obtained from measuring the intensity of the wire end.
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5.8 Spatial oscillation of the LDOS due to interference

In addition to the high field intensity at the wire end, the data in Figure 36 suggest the
presence of an oscillatory mode structure along the sides of the AgNW. To examine
this mode structure in more detail, the LDOS was probed along a 500 nm region at
one end of a wire. The measurement results for I are shown in Figure 36a, where
position is once again plotted relative to the wire end to compensate for drift. In this

measurement, the QD was positioned as closely as possible to the wire surface. Under
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Figure 36: SPP wave interference along an AgNW. (a) Scatter plot of the measured QD

positions near the end of the wire. The color of each data point corresponds to the value of I
measured at each location. The dashed region indicates the location of the AgNW. (b)

Reconstructed image using a Gaussian-weighted average. The image intensity is normalized

by its maximum. (c) Plot of an averaged value of i as a function of position along the wire.
(d) FDTD simulation of the field intensity standing-wave pattern along the side of the AgNW
(normalized by its maximum) with the profile within the dashed wire region corresponding to
the field immediately outside the wire. (e) Image of the measured QD lifetime as a function
of position. The color scale is labeled with both lifetime and Purcell factor. (f) Plot of QD
lifetime measured along the length of the AgNW.
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these conditions most of the QD positions were measured within the dashed AgNW
region. Data points located within this region are attributed to the QD being pushed

slightly onto the top of the wire, which does not act as a perfect obstacle.

A periodic pattern is observed in the scatter plot along the length of the AgNW. These
oscillatory fringes arise from interference between the QD emission component
coupled to the forward propagating SPP wave and the backward propagating wave
that is reflected from the wire end [13]. The oscillatory pattern is more readily
observed in the Gaussian image reconstruction in Figure 36b. Figure 36¢ shows I
plotted as a function of the y coordinate. Each data point is averaged over a £33 nm
window centered at the y coordinate. Averaging is performed only for points that are
within 50 nm of the wire axis. By measuring the peak-to-peak distance from Figure
36¢ we determine the wavelength of the SPP mode to be 320 nm, which is consistent
with the 329 nm wavelength calculated from FDTD simulations. The simulated
FDTD field profile is displayed in Figure 36d and exhibits good qualitative agreement

with the measured data.

The spatial dependence of the QD lifetime along the AgNW is shown in Figure 36e.
The lifetime in a given pixel was measured by consolidating all photon count events
when the QD was within 33 nm of the center location of the pixel. Figure 36f shows
the QD lifetime when photon counts were combined using the same spatial window
used to obtain Figure 36c. A clear oscillation in the QD lifetime is observed,
mirroring the oscillations in intensity from the wire end. The QD lifetime oscillation
is caused by interference between the spontaneous emission components of the

forward and backward propagating SPP waves. This mechanism for modifying the
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Figure 37: Single QD Spectrum. Emission spectrum (red) of a single QD that was
immobilized on a glass coverslip as measured using a grating spectrometer (Acton SP 2758).

The black curve is a Lorentzian fit that indicates a spectral linewidth of 17 nm.

spontaneous emission provides an important means of controlling and optimizing

light-matter interactions between quantum emitters and nanophotonics structures.

The oscillations in Figure 36 result from the interference between the forward-
propagating SPP wave and the backward wave that reflects from the near end of the
AgNW. Interference will occur so long as the length difference between the two paths
of the SPP waves is within the coherence length of the optical field, which can be
determined from the measured emission spectrum of a single QD. This measurement
was performed using a grating spectrometer (Figure 37). The spectral bandwidth of

the QD emission, in units of free space wavelength, was determined to be A4, =17
nm centered at a wavelength of 4, =630 nm, which agrees well with other measured

results [68,130]. The coherence length of the field propagating in the AgNW can be

calculated directly from the measured spectral bandwidth using the relation [131]
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12
‘coh = Eﬂ (57)

where A = 320 nm is the measured wavelength of the SPP mode and

AA=AA, (A1 A,). From the measured QD emission bandwidth and wavelength of the

SPP mode the coherence length is calculated to be 1.89 um, which is long enough to
observe good interference at a distance of up to 944 nm away from the AgNW end.
Thus, the relatively narrow emission bandwidth of QDs makes them ideal candidates
for studying interference and coherent optical effects in plasmonic nanostructures. It
should be noted that other nanoscopic emitters, such as fluorescent molecules and
nitrogen vacancy centers in nanodiamonds, can have much broader room-temperature
emission linewidths [26,132], sometimes exceeding 100 nm. These broad linewidths
result in a significantly reduced coherence length, making it more difficult to probe
interference effects without spectral filtering, which would result in a large reduction

of measured signal.

5.9  Summary

In summary, we have demonstrated a technique for both nanoscale imaging of the
LDOS of a silver nanowire and spontaneous emission control using a single nano-
manipulated QD. These results enable on-demand control of light-matter interactions
and provide a highly flexible method to optimize coupling between single quantum
emitters and nanophotonic structures. Additionally, the probing method that we have
presented could also find applications in the study of other nanoscale phenomena

such as Forster resonance energy transfer [118] and local electric field sensing [133].
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We note that the demonstrated probing technique is highly robust to emitter
degradation and photobleaching [68]. If the probe emitter degrades, it can be
discarded and a replacement can be selected from the ensemble to continue the scan
seamlessly, enabling image acquisition over long integration times. Combining this
probing scheme with precision placement and immobilization of individually chosen
QDs [91] would enable deterministic and optimized assembly of active quantum
emitter and plasmonic structures for development of nanoelectronic devices [51] and

quantum optical circuits [17].
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Chapter 6: Conclusion and future directions
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In my thesis, I demonstrated manipulation of single nanoparticles with nanoscale
accuracy using electroosmotic flow control. I achieved positioning accuracies of 39
nm for single QDs and 5 nm for silver nanowires. Positioning accuracy is
predominantly limited by object Brownian motion and camera vision noise. Flow
control can position brighter and larger objects better because they are more easily
visualized above camera noise and move more slowly in the fluid. Therefore, flow
control positions nanowires, which are relatively large and bright, more accurately
than QDs, which are smaller and dimmer. Improvements to QD positioning can be
achieved by increasing fluid viscosity to reduce Brownian motion, up to the point
where viscosity inhibits electroosmotic actuation. Improvements beyond this limit

require a more sensitive imaging system.

The concept of flow control works regardless of the imaging system. In general,
positioning requires a microfluidic cross-channel, a voltage supply with electrodes,
and several off-the-shelf chemicals. All of these components are relatively
inexpensive. The other requirements are an imaging microscope and controller
software, both of which can be customized based on the application. Thus, flow
control can be easily implemented as a microscope attachment for positioning a

variety of micro- to nano-sized objects.

Electroosmotic flow control offers a desirable all-in-one approach for particle
manipulation. I demonstrate positioning of both single QDs and plasmonic wires
using flow control. This technique scales more favorably for positioning nanoscale

objects than do conventional approaches like optical tweezers. Fluid actuation also
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moves particles independent of their material properties and can position

mechanically or optically fragile objects that would be damaged by other methods.

The versatility of flow control enables assembly of many different objects together
for bottom-up construction of complex nanoscale systems. Using flow control, I
assembled structures composed of plasmonic nanowires. Such structures could be
useful for sub-wavelength optical circuitry. Future assembly could include integrating
active elements, such as QDs, with plasmonic wires for creating quantum transistors

and optical logic gates.

Incorporating other modes of feedback with vision tracking could improve nanoscale
assembly. For example, QD lifetime measurements can be integrated with feedback
control to optimize dot placement and maximize coupling to a plasmonic wire. As a
part of this thesis, I demonstrated that the local density of states for a silver nanowire
could be visualized using QD lifetime imaging, incorporating this measurement for
feedback positioning would be the next step. Another improvement would be to
combine spectral measurements with feedback control. This approach could be used

to help assemble nanostructures with tailored optical resonances.

Flow control assembly requires engineering fluid chemistry to localize and
immobilize particles along a channel surface. I engineer this fluid chemistry by
introducing a water-immiscible monomer and a water-soluble photoinitiator to the
fluid. Microfluidics is flexible when it comes to system fluid chemistry. There remain
many opportunities for developing “smart” fluids to enhance object manipulation.

Examples include fluids that locally and reversibly change viscosity to temporarily
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immobilize particles, and fluids that trigger local agglomeration of objects to

assemble suspended structures without immobilizing them to a surface.

Engineering channel surface chemistry can also improve particle manipulation.
Several features of my particle positioning approach are intimately linked with
surface chemistry, such as inhibiting unwanted surface adhesion and actuating
electroosmosis. I find that hydrophobic surfaces, such as that of PDMS, prevent
unwanted surface adhesion, yet weaken electroosmosis. Introducing a zwitterionic
surfactant to the fluid recovers electroosmotic actuation. Incorporating other
surfactants to the fluid or modifying the surface with chemical monolayers could
improve flow control positioning on various substrates, such as patterned substrates
like planar photonic crystal heterostructures that are fabricated using top-down
techniques. The ability to integrate single nanoparticles with these pre-patterned

surfaces would bridge the gap between top-down and bottom-up fabrication.

In conclusion, I developed a technology for manipulating single nanoparticles with
nanoscale precision. Microfluidic positioning addresses problems specific to colloidal
QDs, which are difficult to position by other means. This approach is versatile and
can position other types of nanoparticles, including metallic nanowires and rods. By
engineering system fluid chemistry, I deterministically immobilized and assembled
single nanoparticles with nanoscale precision. I extended particle positioning to
demonstrate nanoscale probing. This technique positions a single quantum dot to
scan and probe the local density of optical states of a plasmonic nanowire. With this

probing technique, I achieved 12 nm imaging accuracy and the first demonstration of
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lifetime imaging with a single positioned emitter. These results establish

microfluidics as a valuable tool for studying and engineering nanoscale systems.
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